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ABSTRACT 
 
In this theoretical and experimental investigation, the propagation dynamics of the 
fluid-mud underflows form in pipeline dredge disposal operations in the designated areas 
are studied.  These areas such as wetlands, near shore waters are typically covered with 
stiff, cylindrical, emergent aquatic vegetation.  The main goals of this study are to 
propose mathematical formulations for the bottom shear force and drag force of emergent 
stiff aquatic vegetation acting on the gravity current, and to present novel propagation 
modeling approaches.  To be able to predict these forces, a friction coefficient (for the 
bottom shear force), and a drag coefficient (for vegetation skin friction and pressure drag 
forces) are formulated.  The friction coefficient is defined in terms of Reynolds number 
that is formulated for non-Newtonian gravity currents.  The drag coefficient is defined in 
terms of cylinder Reynolds number, which is defined for the non-Newtonian flow around 
a pack of cylinders in an array.  The power-law rheology model, which has been shown 
to model fluid mud rheology well, was incorporated in the theoretical analysis. To verify 
the theoretical derivations of friction and drag coefficients, a series of constant-flux 
release gravity current experiments is conducted in a rectangular laboratory flume.  Based 
on the experimental data, a relation between the Fanning friction coefficient and the 
Reynolds number is proposed for gravity currents propagating over smooth surfaces.  The 
proposed relationship includes a proportionality constant (henceforth, the shape factor) 
that considers the shape of the current.  For the non-Newtonian fluid mud gravity 
currents, a relationship associated with the shape factor was developed through 
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experiments.  Different potential applications of the experimentally developed friction 
factor – Reynolds number relationship are discussed.  In this regard, a new viscous 
propagation model was developed and evaluated through comparison with experimental 
data for fluid mud gravity currents.  Moreover, the data of the experiments with 
vegetation models are interpreted to observe the effect of emergent aquatic vegetation on 
the propagation dynamics and the anatomy of the non-Newtonian fluid mud gravity 
currents.  The experimental observations showed that the presence of the vegetation 
significantly affects the propagation dynamics, hence the anatomy, of the gravity 
currents.  Vegetation-induced drag force dominates the resisting forces acting on the 
gravity current, forcing the current to transition into a drag-dominated propagation phase.  
During this propagation phase the profile of the gravity current exhibits a well-defined 
triangular shape.  At the very early stages of the current-vegetation interaction, the slope 
angle of the upper interface of the current with the ambient fluid evolves towards an 
equilibrium value, which remains constant throughout the remaining of the current 
propagation through vegetation.  The equilibrium value of the slope angle was 
parameterized in terms of fluid mud rheological characteristics and the vegetation 
density.  The distance travelled within the vegetated area until the slope angle is 
converged is also formulated in terms of the flow, fluid and vegetation properties.  The 
experimental observations on the anatomy of gravity currents, in particular instabilities 
formed at the gravity current head, during the drag-dominated propagation phase are also 
discussed.  Using the experimental data with vegetation models, group drag coefficient 
for emergent cylinders is formulated in terms of the vegetation areal fraction, the flow 
iv 
 
behavior index of the fluid-mud and the Reynolds number for cylinders in arrays, which 
is also defined in this study, as a part of the theoretical analysis.  Using the drag 
coefficient formulation, a closed form prediction model for propagation of gravity 
currents through emergent vegetation is proposed.   
Keywords: Pipeline dredge disposal, underflows, Fanning friction factor, Fluid mud 
gravity currents, Laminar flows, non-Newtonian fluid flows, Power-law fluids, cylinder 
drag coefficient, cylinder Reynolds number, drag dominated flow model 
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CHAPTER ONE 
INTRODUCTION 
In this section, the problem statement (Section 1.1), the motivation (Section 1.2), 
and the objectives (Section 1.3) of this doctoral research are explained in detail.  The 
organization of this dissertation research proposal is given in Section 1.4.   
1.1 Problem Statement  
In order to maintain about 40000 km of navigable channels of the US, every year 
about 230 million cubic-meters of material is dredged by the U.S. Army Corps of 
Engineers with an annual cost of $400,000,000 (Hales 1996).  The dredged material from 
waterways (i.e. rivers, waterways, ports and harbors etc.) mostly consists of fine-grained 
cohesive sediments (Teeter 1992a) that form fluid-mud dredge slurries (Nichols et al. 
1978).  There are several dredging and disposing methods (e.g., grab/bucket/clamshell 
dredging, hopper dredges, agitation dredging).  Among these various methods, the 
cutterhead dredge is one of the most common and economic methods (Barnard, 1978).  In 
this method, a rotating cutter excavates the bottom sediment and the dredged material is 
pumped out and disposed to a designated disposal area as fluid-mud slurry (Barnard 
1978, Neal et al. 1978).  Following the disposal, about 1-3 % of very low density 
sediment suspends in the water column and disperses passively as a turbidity plume.  The 
remaining 97-99% of the fluid-mud descends through the water column and at the bottom 
it propagates in the form of a gravity current within the aquatic disposal area 
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(Montgomery and Engler 1986, Nichols et al. 1978).  Therefore, understanding the 
underflow physics is vital to estimate the fate of the disposed material.   
1.2 Motivation 
Main motivation of this study is related to the non-Newtonian gravity currents 
formed due to the pipeline disposal of dredged fluid-mud.  There are various 
environmental concerns for the effects of the disposal of dredged fluid-mud.  The content 
of the fluid-mud (fine-grained cohesive sediment) makes it slow to consolidate, thus the 
fluid-mud can preserve fluid state for long periods (Teeter 1992a).  With the persisted 
fluid-like state, gravity currents can travel several kilometers away from the source 
depending on the ambient conditions.  For instance, field measurements of Teeter (2002) 
showed that 5.2 x 105 m3 dredged clayed silt sediment could travel about 3 kilometers 
away from the source of disposal.  As gravity current propagates, it overruns everything 
on its path and damages the aquatic fauna and flora at the disposal site bottom, e.g. clams 
and oysters (Nichols et al. 1978).  Moreover, the entrainment of ambient water will 
generate turbid plume of suspended sediment in the water column with the current 
propagation (Teeter 2001).  This turbid plume will block the sunlight and reduces the 
water quality.  Also the fluid-mud will change the biogeochemistry of muddy bottoms, 
and the amount of dissolved oxygen in the region will be affected by the dynamics of the 
fluid-mud (McAnally et al. 2007).  Along with aquatic fauna and flora, marine structures 
and engineering installations may also be damaged by sustained gravity currents and 
turbid plumes (McAnally et al. 2007).  Another important environmental concern is that 
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the dredged material may contain industrial or agricultural pollutants that will propagate, 
spread and accumulate with the gravity current (Riddell 2000). The contaminants 
(absorbed heavy metals, arsenic, nitrogen, etc.) within the disposed fluid-mud will be 
highly hazardous especially for populated areas (Nichols et al. 1978, McAnally et al. 
2007).   
The impact of aquatic vegetation on the propagation dynamics of fluid mud 
underflows is an important focus of this study.  The disposal areas of dredged fluid-mud 
(i.e. wetlands and near shore waters) are typically covered with aquatic vegetation.  The 
aquatic vegetation changes the rate of the dominant forces on the current, thus the flow 
dynamics.  For instance, the dominant resistance force for a viscous gravity current 
propagating over a smooth bottom is the skin friction force of the bottom surface. 
However, if the gravity current is propagating through an array of aquatic vegetation, the 
bed shear stress contribution to the drag force drops to about 0.2-13% of the shear stress 
due to the vegetation (Tanino and Nepf 2008b).  Moreover, the aquatic vegetation 
reduces the sediment transportation capacity of open channel flows (Liu and Shen, 2008), 
which will lessen the driving force of particle-driven gravity currents (e.g. turbidity 
currents).  Yet, there has not been a thorough understanding how the presence of 
vegetation affects the propagation dynamics of non-Newtonian gravity currents.   
Underflow type gravity currents may also occur naturally.  Underwater landslides, 
mountain slides due to heavy rain, or fluidization of mud beds by waves or currents may 
initiate gravity currents.  The presence of aquatic vegetation also affects the surface wave 
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motions.  On river dominated coastal margins, the surface waves transport the loose 
sediment supplied by rivers to continental slopes (Falcini et al. 2012). The aquatic 
vegetation has a damping effect on the surface waves and dissipates their energy 
(Dalrymple et al. 1984, Wu et al. 2008), altering the amount of sediment transport and the 
rate of the sedimentation (Morris and Alexander 2003).  The rate of change of 
sedimentation affects the formation of particle-driven gravity currents.   
Many other examples of the bottom gravity current vegetation interaction may be 
listed.  For instance, the temperature of shallow waters changes more rapidly than deep 
waters, causing a type of gravity current called the convective circulation.  The 
importance of convective circulations is related to various near shore processes such as 
flushing of the littoral zones, temperature stratification of the water column, and the 
oxygen content of wetlands (Oldman and Sturman 2001, Wells and Sherman 2001).  The 
aquatic vegetation that is typically present in shallow water affects the discharge by 
acting as an energy dissipation mechanism (Tanino et al. 2005). 
There are several other forms of gravity currents observed in nature e.g. snow 
avalanches, dust storms, ash clouds and lava discharges formed after a volcanic eruption 
(Huppert 2006, Jacobson and Testik 2013).  For numerous situations atmospheric gravity 
currents encounter obstacles such as within wooded or built-up areas (Hatcher et al. 
2000).  There are similar interactions between the atmospheric gravity currents and these 
obstacles to the interactions between the oceanic gravity currents and the aquatic 
vegetation.  For instance, a sea breeze, which has important effects on the airborne 
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pollution transportation, may propagate up to 200 km inland unless its front velocity is 
decelerated by vertical obstacles (Hatcher et al. 2000, Simpson 1997).  Furthermore, in 
countries where destructive snow avalanches are common (e.g. Switzerland and Iceland), 
arrays of obstacles are placed at upstream of settlements to arrest the snow avalanches 
(Hatcher et al. 2000).  Since the gravity currents, and their interaction with emergent 
obstacles are observed in many different natural situations, estimating the current 
dynamics and propagation physics is of importance in many disciplines (Simpson, 1997).   
Gravity currents are also widely used in several industrial applications, e.g. 
industrial and estuarial effluent transportation, slurry transportation in mining field, free 
surface flows of industrial materials (foodstuffs, paints, concrete), and polymers in fiber 
and textile industries (Coussot 1994, Haldenwang 2003).  For many examples of gravity 
current applications in industry, materials are transported using an ambient fluid (i.e. 
water) through open channels.  If the channels are not designed properly, the 
transportation process will be uneconomical and inefficient (Haldenwang 2003).  The 
proper design requires the knowledge of the forces acting on the gravity current, the 
channel surface and any obstacles present in channel.  The mathematical formulation of 
Fanning friction coefficient in terms of Reynolds number provides a relation between the 
channel properties (cross section, surface roughness etc.) and the flow dynamics.  This 
link can be used to design the optimum transportation channels that will maximize the 
efficiency and minimize the energy and transportation material (i.e. water) consumption. 
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For many of the gravity current examples in nature and industry, the current 
material has a non-Newtonian rheological behavior.  The rheology of the gravity current 
material influences the viscous (see Chapter 4), and other types of resisting forces (see 
Chapter 5-6).  High concentration fluid-mud gravity currents may be considered to 
exhibit a power-law non-Newtonian rheology (Ng and Mei 1994, Pascal 2000, Yilmaz et 
al. 2014).  Therefore, this study focuses on the propagation dynamics of the non-
Newtonian gravity currents.  Nevertheless, the theoretical analyses of this study can be 
adapted to Newtonian gravity currents with suitable rheological constants.  
1.3 Research Objectives 
There are various factors that affect the propagation of the disposed dredge 
material, such as density and rheological properties of the fluid-mud, release 
configurations (constant-volume release, constant-flux release), ambient water conditions 
(the respective depth of the water column, bottom slope) (Teeter, 2000).  In the literature 
there are many studies on dynamics and modeling of gravity current’s propagating over 
smooth surfaces.  However, in this study the governing resisting and driving forces of 
gravity currents propagating over smooth surfaces and through vegetation are 
investigated.  The propagation dynamics of a gravity current will depend on the 
properties of the bottom surface and the presence of obstacles in addition to the physical 
and rheological properties of the current material.  For instance, the propagation 
dynamics of a fluid-mud slurry over a smooth surface will be different than the 
propagation of the same material over rough surface or through aquatic vegetation stems.  
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In order to predict the propagation of a gravity current in the field, the effect of the 
bottom surface and the presence of obstacles should be represented in the proposed 
mathematical models.  These effects can be represented with friction and drag 
coefficients that are adapted for gravity currents (see Eq. 4.8 for bottom surface Fanning 
friction coefficient, and Eq. 6.9 for vegetation drag coefficient).  Fanning friction 
coefficient is one-fourth of the commonly employed Darcy-Weisbach friction factor.  The 
two main aims of this study are to provide mathematical formulations to predict friction 
and drag coefficient values (in terms of the Reynolds number) for constant flux gravity 
currents propagating over smooth surfaced and through vegetation, and present a new 
approach in gravity current modeling for both cases.  The established formulation of 
friction coefficient in terms of Reynolds number will not only offer a prediction of the 
current propagation, but also will give an estimate for the forces the gravity current exerts 
on the bottom surface and the surrounding objects (e.g. vegetation).  The research 
approach in this investigation is in two fronts: theoretical analysis and laboratory 
experiments to verify the developed mathematical relations.  First, viscous propagation of 
two-dimensional fluid-mud underflows over a smooth surface is investigated.  
Theoretical and experimental efforts were carried out to formulate the Fanning friction 
coefficient (defined in Eq. 4.4 in Section 4) in terms of the Reynolds number (defined in 
Eq. 4.6 in Section 4), release conditions (flow rate, ambient water depth, inlet opening, 
defined in Eq. 4.11 in Section 4), and material properties of fluid-mud for constant-flux 
two dimensional non-Newtonian gravity currents propagating over smooth surfaces.  
Constant-flux release configuration is selected since it represents the underflows 
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generated from the continuous discharge of dredged slurries in a typical open water 
pipeline disposal operation.  Then a similar investigation is carried out for two-
dimensional constant-flux fluid-mud gravity currents through emergent stiff aquatic 
vegetation.  The vegetation drag coefficient (given in Eq. 6.5 in Section 6) is derived 
theoretically and expressed in terms of the derived cylinder Reynolds number (defined in 
Eq. 6.6 in Section 6), vegetation and fluid-mud properties based on the experimental data.  
The major objectives of this work are the followings:  
• To formulate the Fanning friction coefficient for viscous shear forces of the 
bottom surface for gravity currents propagating over smooth surfaces. 
• To propose a relationship between the Fanning friction coefficient and Reynolds 
number for constant-flux viscous gravity currents. 
• To propose a new propagation model for viscous gravity currents propagating 
over smooth surfaces 
• To determine the effect of emergent stiff aquatic vegetation on the gravity current 
propagation dynamics and anatomy. 
• To formulate the drag coefficient of the vegetation forces on the constant-flux 
non-Newtonian gravity currents. 
• To propose a propagation model for gravity currents propagating through stiff 
emergent aquatic vegetation 
• To provide a large data set of propagation characteristics of fluid-mud underflows 
through emergent vegetation. 
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1.4 Organization 
This research proposal is organized as follows.  In Chapter 2, a detailed literature 
review related to the dense gravity currents, Fanning friction coefficient relation with 
Reynolds number for laminar closed conduit and open channel flows, effect of aquatic 
vegetation on cross flows, and the vegetation drag coefficient formulations for open 
channel flows are given.  In Chapter 3, experimental setup and procedure to verify and 
extend the theoretical findings of Chapters 4-6 are described.  Then, in Chapter 4 the 
theoretical analysis for developing the f-Re relationship for viscous propagation of 
gravity currents over smooth surfaces, and the results of the experiments conducted to 
verify the theoretical analysis will be presented and discussed.  In Chapter 5, the effect of 
aquatic vegetation on the anatomy of constant-flux non-Newtonian bottom gravity 
currents will be represented and the respective experimental data will be discussed.  In 
the following Chapter 6 the theoretical analysis for formulating the vegetation drag 
coefficient for gravity currents propagating through vegetated area, and the results of the 
experiments conducted to verify the theoretical analysis will be presented.  These 
sections will be followed by the conclusion presented in Chapter 7.  
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CHAPTER TWO 
LITERATURE REVIEW 
In this chapter, a review of the literature on gravity currents and specific related 
phenomena is provided.  In Section 2.1 technical information about gravity currents is 
summarized and specific characteristics of the gravity current type investigated in this 
study are given.  In the following Sections 2.2 and 2.3 the gravity current propagation 
dynamics and the anatomy of the gravity current during different propagation phases are 
given, respectively.  In Section 2.4, the literature on the Fanning friction coefficient- 
Reynolds number relations for laminar closed conduit and open channel flows are 
summarized.  And lastly, in the following Section 2.5 the flow through aquatic vegetation 
is discussed. 
2.1 Gravity Currents 
Gravity currents, also referred to as density currents, are the horizontal flow of a 
fluid into another, which is caused by the difference between the densities of the fluids 
(Chowdhury and Testik 2014).  There are several examples of these currents observed 
frequently both in nature and man-made situations.  The first quantitative study in this 
important fluid mechanics phenomenon is held by von Kármán in 1940 (Huppert 2006).  
From 1940 on, gravity currents have been the focus of several studies on literature.  For a 
complete review of fundamentals of gravity currents please see Simpson (1997), Huppert 
(2006), Ungarish (2009), and Chowdhury and Testik (2010, 2012).   
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The density difference between the ambient fluid and the intruding fluid may be 
due to the dissolved materials (homogeneous gravity currents, i.e. saline gravity 
currents), the suspended materials (particle-driven gravity currents, i.e. dust storms), 
and/or the temperature differences, i.e. sea breeze blows) (Ungarish 2009).  Due to the 
density difference the gravity current may propagate along the bottom surface (dense 
gravity currents) or along top surface (light/surface gravity currents).  Through an 
ambient with stratified density, the gravity current may propagate in mid-height (mid-
density gravity currents).  Gravity currents are classified into various categories on the 
basis of their fluid and flow characteristics (Ungarish 2009).  Based on the release 
configurations, gravity currents are divided into two categories, constant-volume gravity 
currents and constant-flux gravity currents.  If the density difference between the ambient 
fluid and the gravity current fluid is small, then the gravity current is classified as 
Boussinesq type.   
As noted earlier in Chapter 1, the main motivation of this study is the fluid-mud 
underflows that take place due to dredge disposal operations.  Accordingly, the physical 
and rheological properties of these underflows are adopted for the theoretical analyses of 
this study: two-dimensional, constant-flux release, dense, Boussinesq, non-Newtonian 
gravity currents.  In the following subsection, these properties are explained in details.   
2.1.1 Fluid-mud Gravity Currents 
 During the maintenance of the rivers, estuaries or channels, the fluid-mud slurries 
are dredged from the channel bottoms, and transported to the designated area to be 
12 
 
disposed by the use of hydraulic pipelines (USACE 1983).  The soil content of the 
disposed slurry is around 10-20% with a bulk density of 1050-1250 kg m-3 (Barnard, 
1978; Brandsma and Divoky, 1976; USACE 1983).  The fluid-mud is mainly fine-
grained sediments, such as silt and/or clay (Nichols et al. 1978).  Clay and silt particles 
have an average size less than 74 microns, and considered as cohesive (McAnally et al., 
2007; Teeter, 1992b).  Due to the clay and silt particles’ cohesive nature, the fluid-mud 
slurries can preserve its fluid-like state for long periods.  The fluid-mud within the 
density range given has a non-Newtonian behavior.  This non-Newtonian behavior can 
simply be a nonlinear strain rate – stress relationship, or the slurry may have a yields 
stress, below which the stress produces no deformation on the fluid.  The rheological 
behaviors of the material for both cases are formulated using Ostwald Power-Law model, 
and Herschel-Bulkley model is used respectively.  Please see Chapter 3 for the detailed 
discussion on the selected rheology model for this study.   
During the process of disposal, there are several factors that affect the fate of the 
gravity current, e.g. solid concentration (density) of the fluid-mud, ambient fluid (i.e. 
water) depth of disposal area (shallow or deep water), discharge configurations 
(submerged, unsubmerged disposal, the discharge angle with the vertical), ambient 
conditions (ambient water stream, slope of the ambient bottom).  This study focuses on 
the gravity currents occur as a result of submerged, vertical disposal of clay-silt slurries 
within the concentration range given above.   
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Once the slurry is discharged to the disposal area, above 97% by mass of the 
fluid-mud slurry will descent down in the ambient water.  The remaining fine-grained 
material, which has a very small settling velocity, will get caught in ambient water 
column and disperses passively in the form of turbidity plume.  As the majority of the 
fluıd-mud descends in the water column, any coarse sand presence in the fluid-mud slurry 
that have high settling velocities will settle instantly and mounted up at the bottom of the 
disposal area (USACE, 1983).  The remaining fluid-mud slurry will disperse at the 
bottom of the disposal site with the driving buoyancy force.  The formed gravity current 
is accepted to be constant-flux during the disposal operation.  Although the propagation 
of the fluid-mud underflow at the bottom will be radial axisymmetric, in order to have a 
better understanding on the propagation dynamics, the problem is simplified to two-
dimensional underflow.   
2.2 Gravity Current Phases and Models 
There are three main governing forces acting on a gravity current, inertia, 
buoyancy and viscous forces.  Gravity currents may undergo two different propagation 
phases based upon the governing driving and resisting forces.  The propagation during 
the earlier inertia-buoyancy phase is governed by the driving buoyancy and resisting 
inertia forces.  The propagation of the gravity current during this phase is simply referred 
as inertial propagation.  During the later viscous-buoyancy phase, the propagation is 
governed by the driving buoyancy and retarding viscous forces.  The gravity current 
propagation during viscous-buoyancy phase is often referred as viscous propagation.   
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In this section, the literature on the dynamics of inertial and viscous gravity 
current propagation, transition between inertia-buoyancy and viscous-buoyancy phases 
and the models proposed for propagation estimation is given.   
2.2.1 Inertia-buoyancy phase 
A constant-flux gravity current experiences an era called wall jet phase prior to 
inertia-buoyancy phase (Didden and Maxworthy 1982).  During the wall jet phase the 
propagation of the gravity current is dominated by the source momentum.  Propagation of 
a gravity current during the wall jet phase is expressed as (Chen 1980): 
 
1 2
3 3
 N Jx C M t=  (2.1) 
Here Nx  is the front position of the gravity current at the time t, JC  is an empirical 
constant and M is the momentum flux.  The wall jet phase is expected last for a short 
time span, and usually it is considered as an adjustment period for the gravity current 
rather than a phase itself.  Once the magnitude of the buoyancy forces exceeds the 
momentum forces the gravity current transients into the inertia-buoyancy phase.   
There is a number of studies on the quantitative prediction of the propagation of 
the gravity current during the inertia-buoyancy phase (see von Kármán 1940; Benjamin 
1968; Hurzeler et al. 1996; Kirwan et al. 1986; Kuenen 1952; Mulder et al. 1998).  There 
most widely used mathematical models that give analytic solutions with different level of 
complexities are summarized in this study: force-balance, box-model, shallow water 
model approaches.   
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The general form of the mathematical models that estimate the propagation of the 
constant-flux inertial gravity currents is given in Eq. 2.2.  
 ( ) 13N I ax C g q t′=  (2.2) 
Here IC is the proportionality constant and has a different value for each model stated 
above (see Table 2.1), ( )( )a c a ag gρ ρ ρ′ = − is the reduced gravitational acceleration 
defined in terms of the ambient fluid scaling, cρ  (in 3kg m ) is the gravity current fluid 
density, aρ  (in 3kg m )is the ambient fluid density, and q  is the unit discharge of the 
gravity current.   
The inertial propagation estimation equation of force-balance approach is derived 
by simply equating the order of magnitude of the driving buoyancy and resisting inertia 
forces.  This approach is simple yet accurate but it requires an empirical constant that 
needs to be determined experimentally.   
The box-model approach is more complex than the force-balance.  In this 
approach there are two main assumptions.  Based on this model, the gravity current is 
assumed to evolve in series of boxes; and the flow and fluid properties of the current are 
assumed to be constant in the horizontal direction (Huppert, 1998).  This most widely 
used propagation method is derived to give an analytic solution for compositional gravity 
currents (Huppert and Simpson 1980).  In a later study, this model is modified to estimate 
the propagation of the particle-driven gravity currents (Dade and Huppert. 1995a, 1995b).   
16 
 
The shallow water model is the most complex solution.  In this approach, the 
Navier-Stokes equations are solved with basic assumptions.  The vertical variations in the 
fluid and flow properties are assumed to be negligible, and the ambient fluid is assumed 
to be at rest with a hydrostatic pressure distribution.  The shallow water model has two 
different solutions for the inertial gravity current propagation, namely single layer 
approach and the two layer approach.  The single layer approach is used for deep ambient 
where the flow of the ambient is fluid is negligible.  The latter two layer approach is 
preferred when the ambient fluid is shallow and the motion of it has a considerable effect 
on the gravity current propagation.   
2.2.2 Viscous-buoyancy phase 
In the inertia-buoyancy phase, the effects of the viscous forces on the current 
propagation are negligible.  During the propagation of the gravity current, the magnitude 
of the viscous forces increases, whereas the magnitude of the dominant resisting force 
(i.e. inertia) decreases.  As soon as the magnitude of the viscous force becomes 
comparable with the magnitude of the inertia force, the gravity current transients into the 
viscous buoyancy phase.  Eventually the magnitude of the inertia force becomes 
negligible compared to the magnitude of the viscous force.  It should be noted that, if the 
viscous forces become dominant before the wall jet propagation phase ceases, then the 
gravity current bypasses the inertia-buoyancy phase and transforms directly into the 
viscous-buoyancy phase (Huppert and Simpson 1980, Chowdhury and Testik 2012).   
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As it is detailed in the previous subsection the mathematical models that propose 
propagation estimation for the inertial gravity current assume that the propagation is fully 
governed by the retarding inertia forces.  In contrast, the viscous gravity current 
propagation models accept the viscous forces as the governing resisting force.  Therefore, 
determination of the transition time is essential to estimate the propagation of the gravity 
current.   
The time of transition of the gravity current is calculated by the force balance 
equation of the resisting inertia and viscous forces.  Since the rheological properties of 
the gravity current fluid will directly affect the viscous forces, the transition of the 
Newtonian and non-Newtonian gravity current are estimated separately.  The transition 
time for Newtonian gravity currents is expressed by Huppert and Simpson (1980) based 
on their experimental data.  This expression is later extended to a critical Reynolds 
number criterion for the phase transition by Bonnecaze et al. (1993).  Later, the transition 
time is formulated analytically from the order of magnitude analysis for Newtonian 
gravity currents (Huppert, 1982).  A similar analysis is conducted by Chowdhury and 
Testik (2012) to estimate the transition time of non-Newtonian gravity currents.   
All three model approaches mentioned in the previous section are also proposed 
for viscous gravity current propagation estimation; nevertheless the number of studies on 
this subject is considerably less compared to the inertial gravity current propagation 
modeling.  Additionally, most of these studies consider only Newtonian gravity currents.   
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The general form of the mathematical models that estimate the propagation of the 
non-Newtonian viscous gravity currents is given in Eq. 2.3.  
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Here vC is the proportionality constant and has a different value for each model stated 
above (see Table 2.1), ( )( )c c a cg gρ ρ ρ′ = −  is the reduced gravitational acceleration, n
is the Flow Behavior Index, and m is the Consistency Index constants of power-law 
model (see Chapter 3).   
The Force-Balance propagation model for non-Newtonian constant-flux gravity 
currents is recently derived by our research group (Chowdhury 2012) by using procedure 
similar to the one used by Didden and Maxworthy (1982) for Newtonian gravity currents.   
Although it is a widely used approach to model the propagation of inertial gravity 
currents, there are only a few studies on the application of the box-model for the viscous 
gravity current modelling.  For Newtonian gravity currents, the box-model application is 
described by Ungarish (2009). However, this model is not verified by any experimental 
data.  The box-model solution to predict the propagation of non-Newtonian viscous 
gravity currents is proposed and evaluated by experimental data recently by Chowdhury 
and Testik (2012).   
The shallow water approach equivalent proposed for viscous gravity currents is 
the lubrication theory.  There are two main assumptions in this theory. It is assumed that 
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the viscous gravity current is spreading as a thin layer, and its velocity profile is parabolic 
(Huppert, 2004).  The lubrication theory for non-Newtonian viscous gravity currents is 
obtained by Di Federico et al. (2006) by extending the work of Huppert (1982) for 
Newtonian gravity currents.  In this mathematical solution the viscous propagation of the 
gravity current is obtained using a self-similarity solution.  The propagation equation 
includes a similarity variable.  This similarity variable is a function of the rheological 
properties of the non-Newtonian gravity current and can be determined numerically.   
TABLE 2.1. Proportionality constants of force-balance, box-model and shallow water 
model approaches for inertial and viscous gravity currents.  Here Fr is the gravity current 
Froude number, and it is stated to be constant during the inertia-buoyancy phase 
(Benjamin 1968, Ungarish 2009), Nη is the similarity variable at the nose of the gravity 
current 
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There are also several numerical simulation approaches for propagation 
estimation of gravity currents (Härtel et al. 2000(a), Härtel et al. 2000(b), Georgoulas et 
al. 2010).  In this approach governing Navier-Stokes equations are solved numerically 
with necessary approximations (e.g. incompressible Navier Stokes equations for fluid 
flows, Boussinesq approximation for fluids with small density difference). 
2.3 Gravity Current Anatomy 
A typical gravity current has a long horizontal length compared to its vertical 
length (Simpson 1997).  This length ratio applied to both two-dimensional and 
axisymmetric gravity currents.  The anatomy of the two-dimensional constant-flux 
gravity currents shows significant differences for inertial propagation and viscous 
propagation.  Thus, in this subsection the anatomy of the inertial and viscous gravity 
currents will be examined individually.   
The flow structure of inertial constant-flux gravity currents can be studied under 
two parts: the frontal zone and the body.  The dynamics of the current head shows differs 
greatly than the dynamics of the gravity current body (Middleton 1993).  For inertial 
gravity currents, the head dynamics (instabilities) play an important role on the current 
flow and entrainment (Britter and Simpson 1978).  Therefore, the literature is notably 
richer in studies on the gravity current head (e. g. La Rocca et al. 2008, Smyth 2004) than 
the gravity current body (e. g. Kneller and Buckee 2000).   
The frontal zone (i.e. current head) has a very typical shape (Simpson 1998).  
Although the current head is a zone of intense mixing and instabilities, it is described to 
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have a very sharp interface between the ambient and intruding fluids (Simpson 1982).  
The foremost point of the head (i.e. current nose) is elevated from the bottom surface.  
The elevated (overhanging) nose is a result of the no-slip boundary condition (Parsons 
and Garcia 1998).  The gravity current must replace the ambient fluid along the bottom in 
order to propagate, and during this process, the friction at the bottom surface causes the 
hanging nose (Middleton 1993).   
There are two types of instabilities observed at the head of an inertial gravity 
current: Kelvin-Helmholtz billows and the lobes and clefts.  The Kelvin-Helmholtz 
billows (K-H billows) are observed at the upper interface of the current head whereas, the 
lobes and clefts are observed at the leading edge of the current.   
The lobe and cleft formations were explained to be a direct result of the 
overhanging nose and the buoyancy instabilities due to the overrunning of less dense 
ambient fluid (Fleischmann et al. 1994, Simpson and Britter 1979).  As the gravity 
current overruns the light ambient fluid, it creates a gravitational instability at the nose 
front region of the current head.  This instability results in the cleft-lobe formations.  
During the gravity current propagation, the width of the lobes continuously swells or 
shrinks.  Thus, the clefts may absorb the neighboring clefts or be absorbed in.  As a lobe 
reaches its maximum size, a new cleft may be formed in it.  It is experimentally shown 
that if the gravity current is propagating over a slip boundary, then the nose of the gravity 
current will be located at the bottom and the lobe-cleft formations will simple 
disappeared (Britter and Simpson 1978).   
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K-H billows are formed due to the instability between the intruding and ambient 
fluids.  As the lighter ambient fluid is displaced by the gravity current, the portion of the 
ambient fluid that moves behind the head sweeps up some of the dense intruding fluid 
with it.  This causes the formation of series of rolled vortices behind the head.  These 
rolled vortices are called K-H billows.  K-H billow instabilities are present during the 
inertia-buoyancy phase (Cantero et al. 2007, 2008, Jacobson and Testik 2014).  As the 
gravity current propagates, the K-H billows grow up to their maximum sizes and then 
collapse into small size eddies (De Silva et al. 1996).  K-H Billows causes mixing at the 
interface between the gravity current and the ambient fluid, and the rate of mixing 
depends on the Reynolds number (Britter and Simpson 1978, Parsons and Garcia 1998).   
The profile of viscous gravity currents differ significantly than the profile of 
inertial gravity current (Ungarish, 2009). The viscous gravity currents do not have any 
head formation, and its thickness increase continuously from the front to the source (Di 
Federico et al., 2006).  As the profile of the inertial gravity current may be simplified to a 
rectangle, the profile of viscous gravity current is parabolic.  Moreover, as the gravity 
current transients in to the viscous-buoyancy phase, K-H billows become negligible 
(Cantero et al., 2008).   
2.4 f – Re Relations for closed conduit and open channel flows 
There has been no attempt, prior to this study, to establish a relationship between 
the friction factor and Reynolds number for viscous gravity currents.  Studies have been 
undertaken, however, to investigate such a relationship for closed-conduit and open 
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channel flows.  For a laminar closed-conduit flow, the relationship between the Fanning 
friction factor, f , and the Reynolds number, Recc , ( Recc UD ν=  ; D  - the hydraulic 
diameter of the conduit; U  - the mean flow velocity; ν  - the kinematic viscosity of fluid; 
with subscript cc indicating a closed conduit) was found to be 16 Reccf =  (Churchill 
1977).  This theoretical relationship constitutes the laminar part of the well-known 
Moody diagram (Chow, 1959).  Several studies have also been undertaken to elucidate a 
similar theoretical relationship between f  and Re  for Newtonian (Straub et al. 1958, 
Sparrow 1962) and non-Newtonian open channel flows (Coussot 1994, Haldenwang 
2003, Kozicki et al. 1966). In presenting the results of several of experimental studies for 
Newtonian open channel flows, however, Straub et al. (1958) showed that a laminar 
Ref −
 relationship is Re
oc
f K=
 for various open channel cross sections (
Re 4oc Rw ν=  , R - hydraulic radius of the open channel, w - mean velocity in the flow 
direction, with the oc subscript indicating an open channel).  Here K is a coefficient that 
depends only upon the cross-sectional properties of the channel, a finding supported by 
the analytical work of Sparrow (1962) for laminar flows in triangular open channels, 
where the factor K is a function of the duct opening angle.  Later, Kozicki and Tiu (1967) 
proposed generalized, but rather complex, formulations for the Fanning friction 
coefficient and the Reynolds number, in terms of the fluid properties and the 
dimensionless geometric coefficients (see Table 1 of the referred study for Reoc  and f  
formulations for different fluid rheology models).  These formulations were also used for 
open channel flows of fluids with different rheological characteristics.  Using these 
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formulations, Kozicki and Tiu experimentally showed that 16 Re
oc
f =
 relationship holds 
for a steady, laminar flow of incompressible time-independent non-Newtonian fluids 
through any arbitrary cross-section.  Using the available experimental data for non-
Newtonian open channel flows in the literature, Haldenwang and Slatter (2006) recently 
showed that   relationship holds well for flows through rectangular channels.  Expending 
the experimental database used by Haldenwang (2003) and Haldenwang and Slatter 
(2006), Burger et al. (2010a) examined the flow of three different fluids that can be 
modeled as power-law, Bingham plastic and Herschel-Bulkley fluids, through four 
different channel cross-sections: semi-circular, triangular, trapezoidal and rectangular.  
Burger et al. (2010b) concluded that, for the laminar open channel flows, Re oc Hf K −=  [
( )( )2Re 8 2 noc H yw k w Rρ τ− = + - open channel Reynolds number based on the 
Herschel-Bulkley model; ρ - fluid density; w - mean velocity in flow direction, R  -is 
the hydraulic radius; yτ , k , and n - yield stress, consistency coefficient, and flow 
behavior index of Herschel-Bulkley fluid, respectively] relationship holds. Burger et al. 
further concluded that the proportionality constant K value depends on the shape of the 
channel cross-section and fluid flow properties, and the fluid rheology.   
2.5 Flow through aquatic vegetation 
In this subsection, the physical properties of the aquatic vegetation focused on this 
study, the effect of the vegetation on the flow dynamics, and the formulation of the 
vegetation drag in terms of drag coefficient is reviewed.   
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2.5.1 Aquatic vegetation 
The experimental and analytical studies on the flow around vegetation concluded 
that the effect of vegetation on the flow field dynamics changes with the vegetation 
characteristics such as the flexibility/rigidity and emergence/submergence of the 
vegetation (Li et al. 2013, Wu et al. 1999).  For example there is a significant difference 
between the vertical velocity profiles of flows around submerged vegetation and emerged 
vegetation.  Moreover, the turbulent eddies and wakes formed behind rigid vegetation 
will be reduced significantly when it is replaced with flexible vegetation for the same 
flow conditions (Li et al. 2013).  Therefore, it is vital to estimate the properties of the 
common vegetation of the wetlands that this study focuses.  The black rush (i.e. Juncus 
roemerianus), smooth cordgrass (i.e. Spartina alterniflora), and the common reed (i.e. 
Phragmites) are the common aquatic vegetation species among the wetlands of the 
Atlantic Coast (Leonard and Luther 1995, Leonard et al. 2002).  The stem of these types 
of aquatic plants can be modeled as stiff, circular, emergent cylinders (Tanino and Nepf 
2008a).  Table 2.2 gives the characteristic stem densities (number of stems per m2) of the 
aquatic plants listed above are given with the respective measurement sites (Leonard and 
Luther 1995, Leonard et al. 2002).  The range of the vegetation densities (the ratio of 
total vegetation cross-sectional area to the gross projected-area of the flow) of this study 
is selected accordingly (see Chapter 3).  
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TABLE 2.2. Characteristic mean stem densities of aquatic plant canopies and the 
respective measurement sites 
Plant name Stem density (stems per m2) Site location 
Juncus roemerianus ~625 Florida 
Phragmites 325-400 Maryland 
Spartina 176-370 Louisiana 
Spartina 682-731 Maryland 
 
2.5.2 Flow around aquatic vegetation 
The presence of vegetation affects the flow dynamics significantly (Kim and 
Stoesser 2011).  Stiff vegetation stems create stagnation zones and turbulent wakes and 
eddies; thus change the horizontal and vertical velocity distribution (Chen et al. 2010, 
Kim and Stoesser 2011, Li and Zhang 2010).  The velocity distribution and the location 
of the stagnation zones and turbulent eddies vary with the emergence/submergence of the 
vegetation.  For the flow around submerged vegetation, longitudinal velocity within the 
vegetated area is almost constant with a spike near bottom, but has a parabolic profile 
above the vegetated area.  The strongest vortices and turbulence intensities are observed 
in this region (Liu et al. 2008).  For emergent vegetation, the velocity profiles are similar 
to the vegetated part of the flow around submerged vegetation.  In the experimental study 
with emergent stiff vegetation, Nepf (1999) showed that the turbulence intensity 
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primarily depends on the vegetation drag for open channel flows with sufficiently high 
cylinder Reynolds numbers ( Re 200C UD υ= ≈ , here U  is the uniform velocity, D  is the 
stem diameter and υ  is the kinematic viscosity of the fluid).  It is also showed that the 
bed shear forces were negligibly small compared to the vegetation shear and drag forces 
even for small vegetation densities, which is defined as the projected plant area per unit 
volume (Tanino and Nepf 2008a).   
The flexible aquatic vegetation dissipates the energy of the flow by adding extra 
resistance to the flow (Li et al. 2013).  However, the strength of the vortices and 
turbulences formed in the flow around the flexible vegetation will be significantly less 
than the ones’ formed in the flow around stiff vegetation, since the flexible vegetation 
will oscillate with the flow direction.  There are many studies on the effect of the flexible 
vegetation on the flow dynamics (e.g. Li et al. 2013, Jarvela 2002, Tsujimoto et al. 1996).  
However, the dynamics of flexible vegetation is out of scope of this study, and will not be 
explained further.   
The aquatic vegetation stems change the stage-discharge relationship (Chen et al. 
2010).  By increasing the flow resistance, the vegetation stems reduce velocity and 
increases flow depth (Li et al. 2013).  This impact of vegetation retards the flow and 
reduces the discharge capacity of the channel (Liu and Shen 2008).   
The vegetation also increases the bank stability, decreases the suspension and bed 
load transportation capacity of the flow (Liu et al., 2008, Liu and Shen 2008).  This 
impact of vegetation is specifically important for particle-driven gravity current, e.g. 
turbidity currents.  Turbidity currents are non-cohesive particle-driven underflows 
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(Meiburg and Kneller 2010).  Although turbidity currents are highly important for global 
sediment cycle, these underflows are also very destructive and unpredictable.  The 
turbidity currents keep the sediments suspended by turbulence (Kneller and Buckee 
2000).  If the sediment exchange with the bed is sufficient enough, the turbidity current 
can maintain its forward motion for very long distances (Meiburg and Kneller 2010). The 
presence of vegetation, nevertheless, inhibits the erosion and increases the sedimentation 
rate.  With the change in bed erosion-siltation balance, the turbidity current can no longer 
preserve the current density, thus the driving buoyancy force.   
The affected suspended or bed-load capacity also changes the contaminant 
transportation (Wells and Sherman 2001).  Presence of emergent vegetation effects the 
dispersion of a passive solute in water.  The distance the solute travels before it reaches 
the asymptotic dispersion is controlled by the vegetation drag (Tanino and Nepf 2009).  
However, the long-term (asymptotic) dispersion coefficient is not affected by the 
vegetation drag (Tanino and Nepf 2008a).   
2.5.3 Vegetation Drag Coefficient 
The aquatic vegetation will be an additional source of turbulence and resisting 
drag forces for the gravity current.  An important focus of this study is to model the 
aquatic vegetation as emergent stiff cylinders and to define the force of the vegetation on 
the gravity current in terms of a group cylinder drag coefficient DC .  This defined 
coefficient will then be formulated in terms of Reynolds number for cylinders in arrays, 
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ReC .  In literature there are several theoretical, experimental or numerical studies on the 
effect of the vegetation to the flow around it.  
Ergun (1952) studied a closed conduit flow through packed columns, noting that 
the pressure losses due to the presence of circular columns depends on factors such as 
flow rate, physical and rheological properties of the fluid, the fractional volume, size, 
shape, orientation and the surface texture of the cylinders.  Ergun (1952) proposed an 
equation for the friction factor, which represents the ratio of the pressure loss to the 
viscous energy loss, in terms of these factors (excluding the orientation (pattern) of the 
cylinders).  Petryk (1969) examined the effect of cylinder orientation on the drag force 
induced by the cylinders (henceforth, vegetation drag), showing that the drag of a given 
cylinder is altered by the presence and orientation of a neighboring cylinder.   
Later, Tanino and Nepf (2008b) replicated Ergun’s formula of cylinder drag 
coefficient in terms of Reynolds number for the drag coefficient they derived for open 
channel flows.  For a random array of cylinders, Tanino and Nepf (2008b) did not 
consider the orientation effects.  The results of Tanino and Nepf’s (2008b) experimental 
study indicated that the drag of the vegetation was decreasing with decreasing amount of 
vegetation in the flow field, and increasing Reynolds number.  The findings of Tanino 
and Nepf (2008b) are also compatible with the Lamb’s (1945) theoretically formulated 
drag coefficient for a single cylinder in open channel flow, which is inversely 
proportional to the cylinder Reynolds number.  This theoretical formulation is also 
verified experimentally by Finn (1953).  Khan et al. (2005, 2006) calculated the drag 
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coefficient of an infinite cylinder in an open channel flow considering the skin friction 
and pressure drag forces of the cylinders separately.  In their study both skin friction and 
pressure drag coefficients are expressed in terms of a generalized Reynolds number for 
Newtonian fluid flow (Khan et al. 2005) and the Reynolds number and the Flow 
Behavior Index, n  for non-Newtonian, power-law fluid flow (Khan et al. 2006).  The 
modeled equation shows a good agreement with the experimental data of Wieselsberger 
(1921) and numerical data of Sucker and Brauer (1975) and Nieuwstadt and Keller 
(1973) for Newtonian fluid flow.  Spelt et al. (2005) numerically investigated the non-
Newtonian power-law fluid flow through periodic arrays of cylinders for cases with 
negligible inertial forces.  In this study, the drag coefficient of the cylinders is defined in 
terms of the flow behavior index, n, and the solid area fraction of the cylinders based on 
the lubrication theory.  The formulated drag coefficient values are showed a good 
agreement with the numerical results of Tanner (1993).  Ishikawa et al. (2000) studied the 
effect of density on drag exerted on trees used in flood prevention, sediment control, and 
erosion control.  The results of the experimental study showed that the drag coefficient is 
strongly correlated with the ratio of the area occupied by trees.  Later, Kothyari et al. 
(2009) experimentally investigated the drag coefficient of emergent cylinders in 
staggering pattern for both subcritical and supercritical flows and showed that the drag 
coefficient is logarithmically increases with the areal stem density.  For subcritical flow, 
the drag coefficient of the cylinders is formulated in terms of the area concentration of 
the stems and the Reynolds number which gave a good estimation for the experimental 
data.  Cheng and Nguyen (2011) formulated the cylinder drag coefficient and Reynolds 
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number for Newtonian open channel flows through vegetation using a hydraulic radius 
which is a function of the vegetation size, density and the channel geometry.  Using these 
definitions Cheng and Nguyen replotted the drag coefficient, DC , cylinder Reynolds 
number ReC  data of the experimental studies from literature (Ishikawa et al. 2000, James 
et. al 2004, Liu et al. 2008, Tanino and Nepf (2008b), Ferreira et al. 2009, Stoesser et al. 
2010).  Although the Reynolds number dependency of the drag coefficient is stated to be 
varying with the vegetation concentration in these reference studies, with the new 
definitions Cheng and Nguyen collapsed all ReDC − data into a single line, which clearly 
showed a monotonic decrease of the drag coefficient with the Reynolds number.  
Moreover, Cheng and Nguyen stated that the application of the Ergun formula (1952) to 
open channel flow in vegetated channels is under estimating the drag coefficient for low 
Reynolds numbers and overestimating the drag coefficients for high Reynolds numbers.  
Cheng (2013) theoretically studied the drag forces acting on the arrays of cylinders.  In 
this study, Cheng stated that drag coefficients formulated for isolated cylinders will 
underestimate the forces of cylinders in arrays, since these formulations do not count the 
effect of neighboring cylinders.  Therefore, Cheng formulated the drag coefficient and 
Reynolds number in terms of vegetation density and average velocity through vegetated 
area for Newtonian open channel flow.  Based on these formulations Cheng showed that 
especially for small Reynolds numbers the drag coefficient is systematically increasing 
with increasing vegetation density even for low vegetation fractions.  The formulation 
showed a good agreement with the experimental data of reference studies (Cheng and 
Nguyen (2011), Kothyari et al. (2009), and Tanino and Nepf (2008b).   
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The literature on the effects of array of rigid emergent cylinders on the gravity 
current characteristics is virtually non-existent.  Tanino et al. (2005) studied the 
propagation of constant-volume Newtonian gravity currents through a random array of 
emergent cylinders.  Their results showed that the viscous forces on the gravity current 
increased considerably with the vegetation density, decelerating the current remarkably 
and changing the current propagation dynamics.  Furthermore, Tanino et al. (2005), 
proposed a threshold value in terms of drag coefficient of cylinders over which the 
gravity current propagation is stated to be dominated by the drag forces of cylinders, and 
the toe velocity for this drag dominated gravity current phase is formulated.  Moreover, 
Tanino et al. (2005) reported that the gravity current profile varied from almost 
rectangular shape to the triangular shape.  This finding is confirmed by our experimental 
observations presented in this study.   
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CHAPTER THREE 
EXPERIMENTAL SETUP, METHODOLOGY AND MEASUREMENT 
TECHNIQUES 
3.1 Experimental Setup 
Two-dimensional constant-flux power-law (fluid mud) gravity current 
experiments were conducted in a rectangular Plexiglas laboratory flume that is 4.30 m in 
length, 0.25 m in width and 0.45 m in depth, a schematic of which is provided in Fig. 3.1 
(see Tables 3.1 and 3.2).  The flume consists of two sections: an experimental section of 
4 m long that is initially filled with tap water as the ambient fluid and a reservoir section 
of 0.25 m long that is initially filled with fluid mud as the gravity current fluid.  These 
two sections are separated by two gates, one that is fixed, and one that is moveable, both 
of which are adjacent to one another. The fixed gate provides an opening with a height, 
ih , from the bottom of the flume, and the moveable gate separates the reservoir section 
and the experimental section before the experiment commences by lifting it off. The 
edges of both of the gates are sealed with petroleum jelly prior to experiment to eliminate 
any leakage between the flume sections.  At the downstream end of the experimental 
section, there is a height adjustable gate that is used to regulate the ambient fluid depth.  
This downstream gate also serves as an overflow gate to keep the total volume of fluid in 
the flume constant and to minimize the reflected waves caused by surface disturbances 
generated during the experiment. 
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Figure 3.1. Schematic of the experimental setup: 1- experimental section; 2- reservoir 
section; 3- mixing tank; 4- constant-head tank; 5- overflow container; 6- pump; 7- 
electromagnetic flowmeter; 8- control valves; 9- lights; 10- camcorders; 11- movable 
gate; 12- overflow gate. Symbols: , ambient fluid depth; z , vertical distance from the 
bottom of the flume; x , horizontal distance from the inlet/source; ih , inlet opening 
height; 0x , reservoir length. 
 
For experiments with emergent vegetation, a 2 m long perforated plate was placed on top 
of the experimental section (from 1 m x =  to 3 m x = , see Fig. 3.1) to configure 
vegetation arrays with different densities.  Stiff cylindrical plastic rods of 0.625 cm 
diameter with smooth surfaces were used to model aquatic vegetation such as smooth 
cordgrass, and common reed.  The diameter of the rods is selected based on the mean 
H
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stem diameter of the vegetation.  Three different vegetation densities, α  were considered. 
The vegetation density, α  is defined as the ratio of the base cross-sectional area of all 
vegetation to the gross base area of channel ( ( ) ( )2 4n fv D x wα pi ′= , here nv  - the number 
of vegetation/cylinders, D  - the diameter of the vegetation, w  - the width of the 
vegetated channel, and fx′  - the front position of the gravity current from the beginning 
of the vegetated area, please see Fig. 5.1; and the vegetation densities used in this study 
were: 0.02α = , 0.035α = , and 0.05α = ).  Figure 3.2 provides the vegetation array 
configurations.  Please see Table 3.2 for details of vegetation experiments conducted.   
 
Figure 3.2. The patterns used for stiff emergent vegetation experiments a) 0.02α =  b) 
0.035α = and c) 0.05α =  (Please see Table 3.2 for details of vegetation experiments.) 
3.2 Density and Rheology Measurements 
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Before each experiment, a large amount (approximately 200 liters) of 
homogeneous fluid mud mixture was prepared in a mixing tank by mixing tap water with 
cohesive Kaolinite clay (OM4 Ball Clay).  The mean particle size and average density of 
the clay were 0.7 mµ  and 32620kg m , respectively.  The density of the prepared fluid 
mud mixture was measured at three different locations (in the mixing tank, the constant-
head tank and the reservoir section, see Fig. 3.1) prior to each experiment using an Anton 
Paar DM-35 densitometer with an accuracy of 0.001 g cm-3.  The selection of the fluid-
mud as the experimental fluid is related to the particular motivation of this study, as is 
discussed in Section 1.  The rheological properties of the fluid mud mixtures were 
obtained using TA Instruments AREA Rheometer.  The rheological characteristics of the 
Kaolinite clay and water mixtures vary from Newtonian to non-Newtonian (with and 
without yield stress) depending on the volumetric concentration of the clay (Lagaly, 
1989).  The fluid-mud mixtures within the concentration range of this study showed a 
non-Newtonian behavior.  Beside the highest two concentrations (300 gL-1 and 350 gL-1), 
the rheometric measurements gave no signs of yield stress existence based on the stress-
strain plots of Strain-Controlled Steady Rate Tests.  The literature has examples of both 
Herschel-Bulkley and Ostwald power-law model fits for rheological measurements of 
Kaolinite suspensions for the concentration range that includes these highest 
concentrations.  Ng and Mei (1994) used the Ostwald power-law model to formulate the 
rheological behavior of Kaolinite suspensions using the experimental data produced by 
Wan (1982), while, Huang and García (1998) used the Herschel-Bulkley model for the 
same data.  Figure 3.3 gives the Ostwald power-law and Herschel-Bulkley fits for 4 
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rheometric measurements of this study.  Both models give accurate estimations of shear 
stress for a given shear rate.   
 
Figure 3.3. Ostwald Power-Law (solid lines) and Herschel-Bulkley model (dashed lines) 
fits for the rheological measurements (symbols) of four different fluid-mud 
concentrations.  Selected measurements cover the high concentration range (200 – 350 
gL-1).   
 
Huang and Garcia (1998) showed that the yield stress is not negligible only for 
volumetric concentrations, 10%vC ≥ , which includes only the highest concentration of 
this study.  For this concentration, the Bingham number for the initial experimental 
condition is calculated using yield stress.  By means of the formulation of Matson and 
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Hogg (2007) and Hogg and Matson (2009) the Bingham number is calculated to be less 
than 0.01, which is negligibly small.  The gravity current flow is assumed to be steady 
and uniform; and no formation of yield surfaces and dead zones are observed during the 
experiments (Coussot, 1994, Piau, 1996).  The influence of pH and other agents, e.g. 
soda, sodium phosphate, salt, calcium ions and organic compounds are also investigated 
(Lagaly, 1989).  The measurements provided a pH range between 5.0 and4.7 for all clay 
concentrations, which is above or at the isoelectric point of Kaolin (Schroth and Sposito, 
1997) that will have slight to no effect on the yield stress.  In the light of these findings, 
Ostwald power-law model is selected as the rheological model since it provides a simple, 
yet accurate fit for the rheological characteristics of the fluid-mud used in this study.  
Previously, Chowdhury and Testik (2010, 2012) proposed an empirical relationships for 
the flow behavior index, n, and the consistency index, m, in terms of the volumetric 
concentration of fluid-mud [ ( )/v s s wC V V V= + , sV  and wV  are the sediment and water 
volume in the fluid mud mixture, respectively]: 3 3.390.8 10 vm C−= ×  and 0.761.03 vn C −= ×  
(here n  is dimensionless and m has the unit of . nPa s  ).  Using these relationships, the 
rheological indices of fluid-mud mixtures used in our study were calculated (see Table 
3.1 and Table 3.2) . 
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TABLE 3.1. Conditions of experiments conducted to verify and extend the theoretical 
work given in Chapter 4. Parameter values are given for the gravity current mixtures in 
the reservoir.  
      Rheological Properties 
Exp. #a ρcb CV c qd hi e Hf mg nh 
 (g/cm3) (%) (cm2s-1) (cm) (cm) (Pa sn) - 
1 1.083 5.12 12.65 5 25 0.20 0.30 
2 1.104 6.41 28.68 5 20 0.43 0.25 
3 1.116 7.15 27.68 5 15 0.63 0.23 
4 1.126 7.75 17.03 5 15 0.83 0.22 
5 1.149 9.18 35.20 5 20 1.47 0.19 
6 1.153 9.43 17.95 5 20 1.62 0.19 
7 1.170 10.45 26.84 5 25 2.28 0.17 
 
a Exp. #, Experiment number    
b 
ρc, fluid mud density 
 
c CV, fluid mud volume concentration 
 
d q, fluid mud volume flow rate per unit width of the flume at the inlet. 
 
e
 hi, inlet height      
f
 H, depth of the ambient fluid 
 
g
 m, consistency index     
h
 n, flow behavior index 
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TABLE 3.2. Conditions of experiments conducted to verify and extend the theoretical 
work given in Chapters 5 and 6. Parameter values are given for the gravity current 
mixtures in the reservoir.  
       Rheological Properties 
Exp. 
#a 
Gr. #b Cc ρd αe hi f Hg mh ni 
  (g/L) (cm2s-1) (m2/m2) (cm) (cm) (Pa sn) - 
V1 
1 100 
1.055 0.00 5 25 0.05 0.41 
V2 1.053 0.02 5 25 0.04 0.42 
V3 1.051 0.035 5 25 0.04 0.43 
V4 1.055 0.05 5 25 0.05 0.41 
V5 
2 150 
1.086 0.00 5 25 0.23 0.29 
V6 1.084 0.02 5 25 0.21 0.30 
V7 1.082 0.035 5 25 0.19 0.30 
V8 1.084 0.05 5 25 0.21 0.30 
V9 
3 250 
1.131 0.00 5 25 0.95 0.21 
V10 1.128 0.02 5 25 0.88 0.21 
V11 1.114 0.035 5 25 0.59 0.23 
V12 1.131 0.05 5 25 0.95 0.21 
 
a Exp. #, Experiment number  
 
b
 Gr. #, Group number (based on fluid-mud concentration) 
 
c
 C, Concentration of Kaolin clay (mass of clay per volume of water) 
 
d 
ρc, fluid mud density   e α, vegetation stem density.   
 
f
 hi, inlet height     g H, depth of the ambient fluid   
 
h
 m, consistency index    i n, flow behavior index    
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3.3 Experimental Methodology and Measurement Techniques 
Once the homogenous fluid mud mixture was prepared, it was pumped into the 
constant-head tank that is located approximately 2 m above the laboratory flume (see Fig. 
3.1).  An overflow-pipe and a pump system circulated the prepared fluid mud mixtures 
between the mixing tank and the constant-head tank to ensure a fixed fluid mud level in 
the constant-head tank.  A constant flux of fluid mud mixture was supplied from the 
constant-head tank to the reservoir section of the flume via a discharge pipe that is 5.08 
cm in diameter.  An electromagnetic flowmeter (GF Signet 2551 Magmeter) was attached 
to this discharge pipe to measure the flow rates with a sampling rate of 1 Hz during each 
experiment.  A hollow semi-spherical object was placed inside of the reservoir section to 
dissipate the energy of the fluid mud jet from the discharge pipe.  To ensure a constant-
flux release of fluid mud from the reservoir section to the experimental section of the 
flume, the fluid mud level in the reservoir section was kept fixed during an experiment 
through three overflow pipes of 1.27 cm diameter each that discharged excessive fluid 
mud out of the reservoir section into a small container as shown in Fig. 3.1.  The vertical 
location of these overflow pipes was adjustable and was set to the ambient fluid depth 
selected for a given experiment, ensuring that the ambient fluid depth and the reservoir 
depth were identical for all of our experiments.  The volume of the fluid mud discharged 
by these overflow pipes into the separate container was measured after each experiment 
and the necessary corrections for the average flow rate supplied to the experimental setup 
were conducted by subtracting the volume-flux of the fluid-mud collected from the flow 
rate measured by the flowmeter.   
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Figure 3.4. Photograph showing the profile of a typical constant-flux viscous fluid mud 
gravity current.  The horizontal dashed line in the photograph indicates the free-surface in 
the flume.  Experimental conditions: Exp. # 7, 50t s=
, 184fx cm=  (see Table 3.1). 
 
As soon as the moveable gate was lifted off, a constant-flux of fluid mud was 
released from the reservoir section into the experimental section and the experiment 
commenced (see Fig 3.4 for a typical constant-flux gravity current). The generated 
gravity currents were recorded using two Canon CCD camcorders with 30 frames/s, each 
of the camcorders viewing the side of the respective half of the flume.  The recorded 
experimental videos were digitized using commercial software.  From the digitized 
images, the front position was determined with a systematic approach using a series of in-
house codes (see Jacobson and Testik 2013, Chowdhury and Testik 2012).  The 
experimental section was marked at every 10 cm from the inlet to the downstream end.  
Using these marks, virtual vertical lines are placed on the digitized images.  Since the 
cameras have a relatively large field of view (approximately 2 m for each camera), to 
minimize the optical distortion errors, 40 optical horizontal calibration factors were 
calculated using the known horizontal distance between the vertical lines.  These 
calibration factors were then used to convert the geometric characteristics of the currents 
from pixels to length units.  The experimental front position was obtained by summing 
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the distance of the current front from the closest upstream vertical line and the distance of 
that line from the inlet.  
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CHAPTER FOUR 
VISCOUS NON-NEWTONIAN GRAVITY CURRENTS  
4.1 Theoretical Analysis 
4.1.1 Fanning Friction Factor for viscous non-Newtonian gravity currents 
In this section, the development of a theoretical relationship between the Fanning 
friction coefficient, f , and the gravity current Reynolds number, Re , (defined in Eq. 4.6) 
is detailed for the power-law constant-flux gravity currents propagating in the viscous-
buoyancy phase.  If preferred, this derivation can be used to determine the Darcy-
Weisbach factor.  In the first part of this section, a relationship for calculating the 
experimental f  values based upon the measured physical characteristics of the 
experimental gravity currents is derived. In the second part of this section, the friction 
coefficient is related to the Reynolds number for power-law constant-flux gravity 
currents.  Please note that the theoretical analysis carried out for power-law fluids is 
applicable to Newtonian fluids when the flow behavior index, n , is equal to unity and the 
consistency index, m , is equal to the dynamic viscosity of the fluid. 
In this analysis, two-dimensional gravity currents with a constant volume flux per 
unit width, q , are considered to propagate horizontally under a Newtonian ambient fluid 
with a constant depth, H , density, aρ , and viscosity, aµ  (see Fig. 4.1 for a schematic).  
The Ostwald power-law equation was used to model the rheological properties of the 
gravity current fluid, which is expressed as: 
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1n
u u
m
z z
τ
−∂ ∂
=
∂ ∂
 (4.1) 
where τ is the shear stress, u z∂ ∂ is the shear rate, n  is the flow behavior index and m 
is the consistency index of the power-law fluid.  Eq. (4.1) can model the rheological 
properties of a Newtonian fluid (e.g. saline solution) for 1n = ; a shear thinning fluid (e.g. 
fluid mud, colloids) for 1n < ; and a shear thickening fluid for 1n > .  In our analysis, 
entrainment of the ambient fluid into the current is assumed to be negligible.  
source 
cv 
 
 
 
 
 
 
 
 
 
Figure 4.1. A simplified schematic of a two-dimensional constant- flux power-law 
fluid gravity current with the representative height, , unit discharge, , and the 
front velocity of . In this figure, and  are the ambient fluid density and 
viscosity, respectively; ,  and  are the gravity current density, the consistency 
index, and the flow behavior index, respectively;  is the ambient fluid depth, and  
indicates the control volume. 
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Consequently, the density, cρ , the flow behavior index, n, and the flow consistency 
index, m, are considered as constant in the entire gravity current.  Although the fluid-mud 
gravity currents are particle-laden gravity currents, they can be considered as 
compositional (homogenous solution) gravity currents for short propagation durations 
due to the very low settling velocity of the fine cohesive sediment (Chowdhury and 
Testik 2010).  Given the two-dimensional nature of the considered gravity currents, the 
equations are derived for per unit width of the current, and the side-wall effects that may 
be present in physical models are not considered in the theoretical treatment.  
The conservation of mass with negligible entrainment dictates the following 
relationship for the volume flow rate per unit width of the constant-flux gravity currents. 
 ( ) ( )( , ) ( , ) , ,f f f fq U x t h x t U x t h x t= =  (4.2) 
Here, the gravity current height, ( , )h x t , and the depth-averaged velocity, ( , )U x t , are 
functions of time, t, and the position, x, of the point of interest along the current.  The 
subscript “f” indicates the current front.  In the viscous-buoyancy propagation phase, the 
height of the gravity current increases continuously from the front to the source (Di 
Federico et al. 2006; Ungarish 2009).  In order to simplify the analytical treatment for the 
friction factor, this variation in height, and therefore variation in the depth-averaged 
velocity, along the current is not considered and the box model assumption for gravity 
currents is adopted (see Chowdhury and Testik 2012, Gladstone and Woods 2000, 
Huppert 1998) [i.e. ( ) ( )0,h x t h t=  and ( ) ( ), ,f fU x t U x t= ; here 0h  is the representative 
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current thickness defined as ( )0 fh qt x=  using the conservation of mass principle, and 
fU  and fx  are the front propagation velocity and position, respectively]. Based on the 
box model, the gravity currents are deemed to be evolving in a series of boxes with all 
physical properties, in a given instance of time, assumed as constant along the current 
(Huppert 1998).  The following consideration led to the selection of the representative 
current height.  As viscous gravity current profiles differ significantly from the inertial 
gravity currents, the similarity solutions of such currents do not indicate the presence of a 
current head, hence preventing the definition of a characteristic head height (see Ungarish 
2009, Di Federico et al. 2006). Experimental observations have also validated this finding 
(Didden and Maxworthy 1982, Huppert 1982), except for the currents in the nascent 
stages of viscous propagation after transitioning from inertial propagation.  Consequently, 
we selected 0h  as the characteristic vertical length scale for viscous gravity currents in 
the following analysis.  In the literature there are other approaches for gravity current 
profile and propagation representation, e.g. lubrication theory (Andreini et al. 2012, 
Ancey et al. 2009), and matched-asymptotic expansion (Hogg and Pritchard 2004, Hogg 
et al. 2000).  Matched asymptotic expansion provides significant information about the 
dynamic balances within the current, which is vital especially for particle-driven gravity 
currents (Hogg et al., 2000). On the other hand, the lubrication approximation offers a 
better representation of the variations of the height along the gravity current compared to 
the box model (Chowdhury and Testik 2012).  However both solutions are rather 
complex and require computational effort for non-Newtonian constant-flux gravity 
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currents.  To be able to provide a simple closed-form solution for the Ref −
 
relation, the 
box model approach is adopted in this study.   
Applying the conservation of momentum principle from the source to the front of 
the gravity current at a given time (see the selected control volume outlined with dashed 
lines in Fig. 4.1), the relationship in Eq. 4.3 was obtained.  The conservation of mass 
equation (Eq. 4.2) and the conservation of momentum equation (Eq. 4.3) were used to 
define the Fanning friction coefficient, f , of the gravity current in Eq. 4.4.  In this 
derivation, only the drag force along the bottom is considered since the drag force 
between the gravity current fluid and ambient fluid is assumed to be negligible for the 
viscous-buoyancy phase of the gravity current (Huppert 1982).  Note that Eqs. 4.3 and 
4.4 are derived using the box model assumption with constant depth-averaged velocity 
and height along the current (see Fig. 4.1).  
 
2 2 20 0
0 0 0 0
1
2 2 2c a c f f c f c f
h hg h g h f U x U h U hρ ρ ρ ρ ρ− − = − +
 (4.3) 
 
0 0 0
2 2
1
Fr
c
f f f
g h h hf
U x x
′
= =  (4.4) 
Here cg ′  is the reduced gravitational acceleration [ ( )( )c c a cg gρ ρ ρ′ = − ; g  is the 
gravitational acceleration, cρ is the gravity current fluid density, ρa is the ambient fluid 
density] and Fr  is the Froude number of the gravity current [ 0Fr f cU g h′= ]. Eq. 4.4 is 
applicable to both Newtonian and non-Newtonian gravity currents. 
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4.1.2 Friction factor Reynolds number relation 
In the analysis used to establish a relationship between the Fanning friction 
coefficient and Reynolds number of viscous gravity currents, we consider only the 
contribution of the wall shear force to the total drag force acting on the control volume 
(i.e. 21
2D c f
F f U xρ= , DF  is the total drag force acting on the gravity current per unit 
width) was considered. Following Haldenwang (2006), Burger et al. (2000a,200b) the 
order of magnitude of the wall shear force along a power-law gravity current per unit 
width,
sF , can be estimated as  
 
0
n
f
s f fn
U
F x m x
h
τ= =
 (4.5) 
with τ representing the average wall shear stress. 
The Reynolds number for the power-law gravity currents can be defined as the 
ratio of the inertia force to the viscous force acting on the current, which is expressed as 
 
2 2 1
0 0
0
Re
n n
c f c f
n
ff
f
U h U h
mxU
m x
h
ρ ρ − +
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 (4.6) 
Equating sF  (Eq. 4.5) and DF  expressions (see above), and using the Re definition 
in Eq. (4.6), a relationship between f  and Re  for the propagation of constant-flux 
power-law gravity currents is then obtained (Eq. 4.7). 
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Re f
hf
x
=  (4.7) 
In the derivation of Eq. 4.7, a representative current thickness that satisfies the 
conservation of mass principle is employed as the vertical length scale for the box model.  
However, due to the real parabolic shape of the viscous gravity current, the gravity 
current thickness and velocity will be variable within the gravity current body, which 
affects the momentum of the system.  To take into account the actual shape of the current 
profile for momentum considerations, the equation is multiplied with an empirical 
correction factor, CK  is embedded into Eq. 4.7.  For the sake of simplicity of the friction 
factor equation, the empirical correction factor multiplied with the constant 2 of Eq. 4.7, 
is replaced with 2 CK K= ; and K  is named as shape factor, henceforth. 
 
0
Re f
hKf
x
=  (4.8) 
The dimensionless shape factor K is constant throughout the propagation of the 
gravity current.  Consequently, it is expected to be a function of parameters that remain 
fixed over time in a given experiment.  For a gravity current propagating over a 
hydraulically smooth horizontal surface, K is expected to be a function of the 
dimensional parameters listed in Eq. 4.9. 
 ( ), , , , , ,i a cK f h H q n g ρ ρ=  (4.9) 
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Here, hi is the inlet height and H is the ambient fluid depth in the experimental section of 
the tank.  The gravitational acceleration, g , the current density, cρ , and the ambient fluid 
density aρ  can be grouped to form the reduced gravitational acceleration, cg ′ .  From our 
dimensional analysis, shape factor K  is expressed as a function of the following 
dimensionless parameters. 
 i, Fr ,i
hK n
H
φ  =  
 
 (4.10) 
Here, ( )0.53iFr i cq h g ′=  is the inlet Froude number.  Experimental observations 
were used to provide a relationship for K  in terms of these dimensionless parameters for 
fluid mud gravity currents.  
4.2 Results and Discussion 
In Section 4.2.1, the results of the theoretical analysis presented in Section 4.1 
were evaluated using the observations from the constant-flux fluid mud gravity current 
experiments.  In Section 4.2.2 several engineering applications for the presented results 
are discussed.  Finally, in Section 4.2.3 the uncertainty analysis for the experimental data 
is provided.   
4.2.1 Results 
 A total of seven experimental runs were conducted, the experimental conditions 
of which are tabulated in Table 3.1.  In these experiments, the generated gravity currents 
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underwent the viscous propagation phase either immediately upon generation at the 
source without experiencing another propagation phase (Exp. # 4-7 from Table 3.1) or 
after transitioning from the jet (bypassing the inertial propagation phase) (Exp. # 1-3 
from Table 3.1).  For the latter case, the transition times and positions for the viscous 
propagation phase were determined based upon the dimensional and dimensionless 
propagation curves.  These dimensionless propagation curves were constructed by scaling 
the experimental front position with the inlet height, f f iX x h= , and applying a jet 
scaling ( ( )2 3 1/20iT t h M −= ) and an inertia-buoyancy scaling ( ( )1/30iT t h B−= ) for the 
experimental propagation time (see Chowdhury and Testik 2012).  Here 20 iM q h=  is 
the initial momentum at the source, 0 aB g q′=  is the initial buoyancy at the source, and 
( )( )a c a ag gρ ρ ρ′ = −  is the reduced gravitational acceleration defined in terms of the 
ambient fluid scaling.  Only the experimental data that corresponds to the viscous 
propagation phase were used in the analysis described below.  The front velocity of the 
current, which is assumed to be equal to the depth-averaged velocity along the current 
(see Chapter 3), was calculated from the front position data by first order central finite 
differencing.  Once the experimental values for the depth-averaged current velocity were 
calculated, the experimental Re  and f  values were then calculated.  It should be stated 
that the experimental setup used in this study is not wide enough to have negligible side 
wall effects.  The Ref −  derivation in the Theoretical Analysis section is for two 
dimensional gravity currents.  To exclude the effect of friction force induced by the side 
walls, the wall shear force term in the conservation of momentum equation (Eq. 4.3) is 
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corrected for experimental data using a multiplier ( )( )02W W hφ = + .  Here W  is the 
width of the experimental setup.  The multiplier φ  is derived assuming that the boundary 
layers at the bottom and at the side walls have same development, thus have the same 
magnitude for unit area.  Accordingly, the friction factor equation used became; 
( ) ( )( )2 01 ff Fr h xφ= ⋅ .  Please refer to the uncertainty analysis presented in next 
subsection for the calculated uncertainty percentages from both the experimental and data 
analysis procedures. 
The relationship between the friction factor, f , and the Reynolds number, Re , 
given in Eq. 4.8 is evaluated in Fig. 4.2 using the experimental data.  In this figure, f  is 
normalized by the current aspect ratio, 0 fh x .  As can be seen in this figure, the 
normalized f  values clearly show the expected linear dependency on Re  values. To 
obtain the empirical shape factor, K, values (see Eq. 4.8) for fluid mud gravity current 
experiments, linear lines were fit to the experimental Ref −  data.  The empirical K  
values were obtained from the slopes of the best-fit lines (see solid lines in Fig. 4.2).  The 
deviations of the experimental data from the fitted linear lines increase as the Re  values 
increase, primarily because of the more pronounced inertial effects on the currents at 
propagation stages with higher Re  values.  Nevertheless, the coefficient of 
determination, 2R , values for the best-fit lines that were used to calculate the K  values 
are high for all experiments, validating the Ref −  relationship in Eq. 4.8.  The empirical 
K  values and the corresponding 2R  values for all of the experiments are tabulated in 
54 
 
Table 4.1.  To present all of the experimental data for Ref −  dependency in a single 
graph (see Fig. 4.3), f  values are normalized by the corresponding values of the current 
aspect ratio and the shape factor.  Figure 4.3 shows that the normalized experimental f  
values from all of the experiments collapse onto a single line of 1 Re  as expected.   
 
Figure 4.2. Friction coefficient scaled with the current aspect ratio versus Reynolds 
number graphs for all of the experiments (see Table 3.1 for the experimental conditions).  
Symbols with error bars represent the experimental data and uncertainties, and the solid 
lines represent the best linear fits to that data.   
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Figure 4.2 continued.  
 
Our dimensional analysis indicated a functional dependency of the shape factor, 
K, to n, Fri and hi/H (see Eq. 4.10).  The shape factor values obtained from our fluid-mud 
gravity current experiments showed a strong dependency to all of these three 
dimensionless parameters, which can be clearly seen in Figure 4.4.  Using the 
experimental data, a relationship for the shape factor was developed as provided in Eq. 
4.11.  The relationship is shown as the solid line in Fig. 4.4, with a corresponding 
coefficient of determination, 2R
 
value of 0.86.  
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=  
 
 (4.11) 
Figure 4.3. Normalized friction factor versus Reynolds number from all of the 
experiments (see Table 3.1).  The solid line represents 1 Ref = .  Symbols with error bars 
represent the experimental data and uncertainties (see the legend).  
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TABLE 4.1.  Experimental shape factor, K , values for the fluid mud gravity currents 
and the corresponding coefficient of determination, 2R , values for the best-fit lines used 
in calculating K  values (see Table 3.1 for the experimental conditions).  
Exp. # K R2  
1 0.69 0.83 
2 1.66 0.84 
3 4.75 0.88 
4 3.11 0.91 
5 7.12 0.98 
6 1.25 0.92 
7 4.03 0.98 
Figure 4.4. Shape factor dependency on ( )4 34 3 3i1.5Fr ih H n− .  Symbols represent the 
experimentally obtained K values (see Table 4.1) and the solid line represents the 
predictions of Eq. 4.11. 
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4.2.2 Discussion 
Several applications of the Ref −  relationship given by Eq. 4.8 in modeling 
gravity current dynamics are briefly discussed in this section.  These applications are 
related to gravity current modeling for viscous propagation, bottom erosion and sediment 
entrainment, current profile, and transition from turbulent to laminar flow.   
Viscous Propagation Model 
The Ref −  relationship in Eq. 4.8 can be manipulated into a new viscous 
propagation model for laminar power-law gravity currents as follows.  From Eqs. 4.4 and 
4.8, it can be shown that: 
 2
1
Fr Re
K
=
 (4.12) 
which can be rearranged as, 
 
2
0
n n
c f fg U h Kmxρ − +′ =  (4.13) 
Using the continuity equation with the box model assumption ( )0 fqt h x=  and Eq. 
4.13, the front position of a constant-flux gravity current can be modeled as follows. 
 
( )
( )
1
2 3 2 2 2
2 3 2 32 3
2 2
n n n n
c c n n
f n
n g
x q t
n Km
ρ + + +
+ +
 ′+
 =
 + 
 (4.14) 
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In Figure 4.5-4.11, the prediction capability of the developed viscous propagation 
model (Eq. 4.14) is demonstrated along with the box-model (Chowdhury and Testik 
2012) and the lubrication model (Di Federico et al. 2006) for all of the experiments. The 
experimental data presented in these figures are adjusted for the additional distance 
traveled by the gravity current front for the currents that experienced the jet and inertial 
propagation phases prior to the viscous-buoyancy propagation phase.  To be able to 
examine the prediction accuracy of the viscous propagation models, this additional 
distance should be subtracted from the experimental data for the comparison (Chowdhury 
and Testik 2012).  Due to the additional distance correction, the difference between the 
model prediction distance and the experimentally measured distance will be negligible 
for the first few data points.  However, as gravity current propagates, the experimental 
data will deviate from the estimation of the propagation model within acceptable limits 
that are set by the prediction capability of the proposed model.  Therefore, the difference 
between the model estimation and experimental data is observed to increase with the 
increasing propagation distance.  2R  values for the predictions of this new model, 
lubrication theory model and box model are provided for all of our experiments in Table 
4.2 for comparison purposes. 
This new viscous propagation model (Eq. 4.14) can be used in calculations for the 
flow situations in which the total volume and front position of the gravity current (or 
similarly profile of the current) are available and the unit discharge, q , and the discharge 
time, t are sought.  These inverse calculations may be of use for natural gravity currents 
such as submarine landslides, snow avalanches, spread of atmospheric pollution, and dust 
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storms.  For the case of industrial gravity currents such as disposal of dredged fluid-mud, 
this new viscous propagation model may be of use to calculate, for example, the required 
unit discharge rate for the gravity current front to reach a desired position at a specified 
time.  These calculations can also be conducted using the box model with a compromise 
in accuracy (see Table 4.2) and the lubrication theory model with an iterative scheme that 
requires computational tools.   
 
Figure 4.5. Comparison of the experimental and predicted current front positions of Exp. 
1 as a function of time. Solid lines represent the current front position predictions by a) 
Eq. 4.14 , b) box model and, c) lubrication model; and the symbols represent the 
experimental observations.  
10
100
1000
10 100
x
(cm
)
t (s) 10
100
1000
10 100
x
(cm
)
t (s)
10
100
1000
10 100
x
(cm
)
t (s)
a) b)
c)
61 
 
 
Furthermore, this propagation model can be used to determine the material 
characteristics of the gravity current using a concept similar to the Bostwick degree 
consistometer test (Milczarek and McCarthy 2006, Perona 2005).  The propagation of 
fluid gives a general idea about the rheology of the material.  If the rheological properties 
and the density of the gravity current can be represented in terms of a physical property 
of the current fluid (e.g. the flow behavior and consistency index formulations in terms of 
volumetric concentration of clay used in this study), this physical property can be 
calculated using the viscous propagation model (Eq. 4.14).  The characteristics of the 
material can be estimated using the calculated physical property.   
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Figure 4.6. Comparison of the experimental and predicted current front positions of Exp. 
2 as a function of time. Solid lines represent the current front position predictions by a) 
Eq. 4.14 , b) box model and, c) lubrication model; and the symbols represent the 
experimental observations.  
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Figure 4.7. Comparison of the experimental and predicted current front positions of Exp. 
3 as a function of time. Solid lines represent the current front position predictions by a) 
Eq. 4.14 , b) box model and, c) lubrication model; and the symbols represent the 
experimental observations.  
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Figure 4.8. Comparison of the experimental and predicted current front positions of Exp. 
4 as a function of time. Solid lines represent the current front position predictions by a) 
Eq. 4.14 , b) box model and, c) lubrication model; and the symbols represent the 
experimental observations.  
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Figure 4.9. Comparison of the experimental and predicted current front positions of Exp. 
5 as a function of time. Solid lines represent the current front position predictions by a) 
Eq. 4.14 , b) box model and, c) lubrication model; and the symbols represent the 
experimental observations.  
10
100
1000
10 100
x
(cm
)
t (s) 10
100
1000
10 100
x
(cm
)
t (s)
10
100
1000
10 100
x
(cm
)
t (s)
a) b)
c)
66 
 
 
Figure 4.10. Comparison of the experimental and predicted current front positions of 
Exp. 6 as a function of time. Solid lines represent the current front position predictions by 
a) Eq. 4.14 , b) box model and, c) lubrication model; and the symbols represent the 
experimental observations.  
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Figure 4.11. Comparison of the experimental and predicted current front positions of 
Exp. 7 as a function of time. Solid lines represent the current front position predictions by 
a) Eq. 4.14 , b) box model and, c) lubrication model; and the symbols represent the 
experimental observations.  
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TABLE 4.2. The coefficient of determination, 2R  values of propagation distance 
predictions of the Ref −
 
model, box-model (Chowdhury and Testik 2012), and 
lubrication theory model (Di Federico et al. 2006).  Experimental conditions are given in 
Table 3.1.  
 
Exp. # R2 
f-Re model 
R2 
Box model 
R2  
Lubrication theory model 
1 0.96 0.90 0.96 
2 0.99 0.95 0.82 
3 0.97 0.04 -0.79 
4 0.99 0.75 0.33 
5 0.88 0.66 0.01 
6 0.86 0.99 0.92 
7 0.84 0.97 0.75 
 
Bed Erosion 
Shear stress at the bottom of a gravity current may induce bed erosion.  Eroded 
sediment is entrained into the gravity current and the ambient water, thereby, the 
sediment transport and siltation by the gravity current is increased (Kranenburg and 
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Winterwerp 1997, Blanchette et al. 2005).  Sediment entrainment equations, which are 
derived based upon turbulent kinetic energy equations for the gravity current and 
underlying erodible bed, include bottom friction coefficient and bottom shear stress terms 
(Kranenburg and Winterwerp 1997). Equation 4.8 provides a means for calculating the 
Fanning friction coefficient that can be used to calculate the bottom shear stress for a 
given unit discharge rate, front position, fx , and representative gravity current height, 0h .  
Sediment entrainment and sedimentation have a significant influence upon the gravity 
current dynamics, which need to be considered in mathematical propagation models for 
gravity currents.   
An important phenomenon associated with bed erosion is the generation of self-
sustaining (auto suspending) turbidity currents that are highly unpredictable and 
destructive for marine engineering installations.  Self-sustaining turbidity currents have 
sufficient sediment exchange with the bed to maintain the forward motion (Meiburg and 
Kneller 2010, Simpson, 1997, Parker et al. 1986).  During the propagation of a turbidity 
current, entrainment of eroded bed material increases the current density and the driving 
buoyancy force that sustains the gravity current propagation (Bagnold 1962).  Without 
the turbulence, turbidity currents cannot suspend sediment for self-sustaining propagation 
(Middleton 1993, Sequeiros et al. 2009).  Nevertheless, sediment entrainment due to bed 
erosion would slow down the process of self-deceleration and extend the propagation 
time and distance of laminar turbidity currents before they run out.  Predictive 
capabilities on the rates of bed erosion and sediment entrainment into the turbidity 
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current are essential for propagation modeling of the turbidity currents (Blanchette et al. 
2005). 
Gravity Current Profile 
Findikakis and Law (1998) formulated the change in gravity current thickness 
(i.e. profile) along the current body based upon the one-dimensional conservation of mass 
and momentum equations discussed by Van Kessel and Kranenburg (1996). This 
formulation requires the knowledge of the friction factor, f , value.  Teeter (2002) 
adopted Findikakis and Law’s current profile formulation along with the empirical 
friction factor parameterization by Van Kessel and Kranenburg (1996) to calculate the 
profiles of gravity currents that form in dredge disposal operations.  The equation 
provided by Teeter (2002) is given below. 
 
( )
( )
1.43 Ri tan Ri Ri Ri 1
2 2 2
1 Ri
d CQf dQ dBh
h h Qdx CQdx Bdxdh
dx
ρ ρ
ρ ρ
    Θ ∆ ∆  
− + − + − + −     
     
=
−
(4.15) 
Here Ri
 
is the Richardson number ( 2Ri cosg h Uρ ρ= ∆ Θ , U  is the cross-sectional 
averaged velocity), Θ  is the slope of the bed with the horizontal, the constant 1.43 is the 
ratio of the total shear stress of gravity current (the bed and top interface) to the bed shear 
stress, B  is the breadth of the current, Q  is the discharge of gravity current, and C  is 
the gravity current sediment concentration.  This equation can be used to predict the 
processes that affect the propagation and spreading of gravity currents such as 
entrainment of ambient fluid and sediment settling (Teeter 2002).   
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Turbulent-Laminar Transition 
Fr Re−  relation given in Eq. 4.12 can be used to define a critical Reynolds 
number value that can be used to identify the transition of the gravity current from 
turbulent flow to laminar flow.  Turbulent gravity currents have a constant Fr value, 
which decreases as the flow transitions into a laminar regime.  Benjamin (1968) showed 
theoretically that for gravity currents with constant-volume release, Froude number of 
turbulent flow is equal to 2 .  For constant-flux gravity currents, this value depends on 
the ratio of the gravity current thickness to the ambient fluid depth.  Slim and Huppert 
(2008) stated that Fr 0.91=  for the gravity current thickness to ambient fluid depth ratios 
within the range of 0.15-0.25.  This Fr value approaches to 2  for deeper ambient fluids.  
With an adequate Froude number value, the critical Reynolds number can be calculated 
for constant-flux gravity currents to define the transition of gravity current propagation 
from the inertia-buoyancy phase to the viscous-buoyancy phase (Monaghan et al. 2009).   
The Fr Re−  relation proposed in this study is for gravity currents in the viscous-
buoyancy phase.  To verify that the viscous gravity currents are laminar, three additional 
experiments were conducted with the same fluid-mud and environment conditions (see 
Table 4.3).  For experiments S2 and S3 sand papers are prepared with two layers of sand 
within the size interval provided in Table 4.3; whereas experiment S1 is conducted 
without sand paper.  The dimensionless propagation graphs for the three experiments 
constructed using the inertia-buoyancy time scales revealed that the propagation 
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dynamics of the gravity current in the viscous-buoyancy phase was not affected by the 
change in the bottom roughness (see Fig 4.12).   
 
TABLE 4.3. Conditions of sand paper experiments conducted to verify the laminar 
phase. Parameter values are given for the gravity current mixtures in the reservoir.  
       Rheogical Properties 
Exp. #a Sand Sizeb ρcc CV d qe hi f Hg mh nj 
 (mm) (g/cm3) (%) (cm2s-1) (cm) (cm) (Pa sn) - 
S1 N/A 1.090 5.54 35.99 5 25 0.27 0.28 
S2 0.1Sd <  1.090 5.54 15.27 5 25 0.27 0.28 
S3 0.42 0.58Sd< <  1.105 6.5 28.27 5 25 0.45 0.25 
 
a Exp. #, Experiment number  b Sd , Size of sand/silt used in sand paper 
c 
ρc, fluid mud density   d CV, fluid mud volume concentration 
 
e q, fluid mud volume flow rate per unit width of the flume at the inlet. 
 
f
 hi, inlet height     g H, depth of the ambient fluid 
 
h
 m, consistency index    j n, flow behavior index 
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Figure 4.12 Dimensionless propagation curves for sand paper experiments. The abscissa 
is the experimental time scaled by the inertia-buoyancy time scale and the ordinate is the 
front position of the gravity current scaled by the inlet height. The solid line represents 
the wall-jet propagation curves and the dashed line represents the viscous-buoyancy 
propagation curves (see Chowdhury and Testik, 2012). 
 
4.2.3 Uncertainty Analysis 
Here the uncertainties associated with Re and f  calculations from the measured 
data are qualified.  In Re  and f calculations, three different experimental measurables 
(current front position, fx ; fluid-mud discharge per unit width, q ; and current fluid 
density, cρ ) were used.  The values of these parameters that were obtained from the 
experiments include measurement uncertainties, δ .  These parameters can be represented 
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in terms of their measured values (denoted with an overbar) and δ  as: 
c c ρρ ρ δ= ± ; 
ff f xx x δ= ± ; qq q δ= ± .  The remaining parameters for f and Re  calculations were 
calculated using these values.  The flow behavior index, n , and the consistency index, m
, values for the experimental fluid-mud mixtures were calculated using the empirical 
relationships developed by Chowdhury and Testik (2012) using the density 
measurements (see Chapter 3). The depth-averaged current velocity was calculated using 
the measured front positions at different times, and the representative gravity current 
height, 0h , was calculated using the flowmeter discharge reading and the front position 
over time.   
The measurement uncertainty of the density was 30.001g cmρδ = ±  as dictated 
by the Anton-Paar DM-35 densitometer used in this study.  The uncertainties in the 
calculated reduced gravitational acceleration, cg ′ , the flow consistency index, m , and 
the flow behavior index, n , were calculated considering the measurement uncertainty 
involved in the density.  The gravity current front position was measured from digitized 
images at different experimental times, and the measurement uncertainty for the current 
front position for all readings was 0.17 cm .  Though oscillations in the flowmeter 
readings during the experiments did occur because of the discharge pipe system, the 
constant head tank and the gravity current fluid reservoir with overflow pipes were 
designed to reduce these oscillations and minimize the discharge uncertainty.  A 
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conservative maximum uncertainty of δq = 0.05q  was considered in the uncertainty 
estimates.   
The depth-averaged velocity values were calculated using the first order central 
finite differencing method: , 1 , 1
, 2
f i f i
f i
x x
U
t
+ −−
=
∆
.  Here subscript i  indicates the 
corresponding time step and t∆  is the time difference between each time step, which was 
1 2−  seconds for this study.  Based upon the selected method, the maximum uncertainty 
at the calculated depth-averaged velocity is δU f = ±
δ
x f
∆t
.  
The accumulated uncertainty of the Reynolds number, δRe , calculations was 
estimated by considering the uncertainty involved in the current density, the 
representative gravity current height, the front position, the depth-averaged velocity, the 
consistency index and the flow behavior index.  The accumulated uncertainty in the 
normalized friction factor, δ
n− f , was estimated by considering the uncertainty involved in 
the reduced gravitational acceleration, the depth-averaged velocity, the representative 
gravity current height, and the front position.  It should be noted that the uncertainties 
involved in each parameter are not correlated.  The accumulated (maximum and average) 
uncertainties estimated for the Reynolds number and normalized friction factor values 
calculated for all of our experiments are tabularized in Table 4.4 
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TABLE 4.4. Accumulated uncertainties for the normalized friction factor (δn-f) and the 
Reynolds number (δRe) for each experiment (see Table 3.1 for the experimental 
conditions).   
Exp. No. δRe δn-f 
 max average max average 
 %(±) %(±) %(±) %(±) 
1 25.7 21.8 18.7 15.0 
2 14.6 14.0 11.0 10.5 
3 24.5 19.9 19.5 15.9 
4 20.9 18.0 17.0 14.6 
5 16.3 14.5 14.3 12.7 
6 19.1 15.3 15.9 12.8 
7 17.4 14.1 15.2 12.6 
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CHAPTER FIVE 
ANATOMY OF GRAVITY CURRENT PROPAGATING THROUGH 
EMERGENT AQUATIC VEGETATION 
 
In this chapter the effect of emergent aquatic vegetation on the propagation 
dynamics and the anatomy of the non-Newtonian fluid mud gravity currents were 
investigated experimentally.  A total of 12 experiments (3 sets of 4 experiments; 
henceforth each set is referred to as Group #) were conducted. The experimental 
conditions are tabulated in Table 3.2.  Each experiment set consisted of an experiment 
with a gravity current propagating over a smooth horizontal bottom and three 
experiments with the currents of the same characteristics propagating through emergent 
vegetation with different vegetation densities.  The propagation curves and the anatomy 
of the gravity currents with and without vegetation were compared to quantify the effects 
of the vegetation.  
In all of these experiments with vegetation, a gravity current propagation phase 
(hereafter referred to as drag-dominated phase) was observed that was vastly different 
than the inertia-buoyancy and viscous-buoyancy propagation phases (see Fig 5.1).  This 
phase was also observed by Tanino et al. (2005) for Newtonian constant-volume gravity 
currents through emergent vegetation.  In this phase, the currents showed distinct 
propagation characteristics and anatomy.  In Fig. 5.2 sample images of constant-flux fluid 
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mud gravity currents undergoing drag-dominated, viscous-buoyancy, and inertia-
buoyancy phases are given for comparison purposes. 
 
Figure 5.1. The schematic of a two-dimensional constant-flux gravity current 
propagating through the emergent vegetation.  The gravity current has the source 
thickness, Sh , the volume flow rate per unit width, q , and the front position, fx  (from 
the source), fx′  (from the beginning of the vegetated area).  The slope of the interface 
between the gravity current and the ambient fluid has the angle β .  
 
In the absence of vegetation, the balance among the driving buoyancy force and 
the resisting inertia force and the viscous force (mostly due to the bottom shear) dictates 
the gravity current propagation phase.  When the gravity current encounters a vegetated 
zone, the vegetation drag forces may become the dominant resisting force.  
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Consequently, a gravity current that is propagating in the jet, inertia-buoyancy, or viscous 
propagation phase would transition into the drag-dominated propagation phase. 
 
 
Figure 5.2.  The comparison of the profiles of constant-flux gravity currents propagating 
in the (a) inertia-buoyancy phase; (b) viscous-buoyancy phase; and (c) drag-dominated 
phase.  The horizontal dashed lines in each photograph indicate the free-surface in the 
flume.   
 
The governing forces that act on the gravity currents during their propagation 
through vegetation and their order of magnitude expressions are as follows: (i) buoyancy 
a) 
b) 
c) 
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force 20.5B S c cF h gρ ′=  (here ( )c c a cg g ρ ρ ρ′ = −
 
- reduced gravitational acceleration, 
and Sh  - gravity current thickness at the source); (ii) inertia force 20.5I c SF U hρ=  (here 
U  - front propagation speed); (iii) bottom shear force 20.5BS c fF f U xρ=  (here fx  - 
current front position at a given time (from the source), and f  - Fanning friction factor); 
(iv) vegetation skin friction force 20.5VS Df c P nF C U A vρ=  (here DfC  - friction drag 
coefficient for the flow of a power-law fluid around a circular cylinder, and PA  - average 
projected area of the cylinders in the flow direction); and (v) vegetation pressure drag 
force 20.5VD Dp c P nF C U A vρ=  (here DpC  - pressure drag coefficient for the flow of a 
power-law fluid over a circular cylinder).  The orders of magnitudes for each of these 
forces were calculated for each experiment.  In these calculations, the Fanning friction 
factor was calculated using the formulation given in Section 4.2 and the skin friction and 
pressure drag coefficients were calculated using the formulations of Khan et al. (2006) 
( ) ( )( ){ 1 10.325.786 Re nDf CC n +=  and CDp = 1.26n3.25( ) ReC +1.28 1− exp −2.4n( ) }.  Here, ReC  
is the cylinder Reynolds number for non-Newtonian gravity currents and it is calculated 
as follows: 
 
2
Re
n n
cI
C
V
D UF
F m
ρ −
= = . (5.1) 
In Table 5.1, estimated relative contributions of the resisting forces acting on the 
experimental gravity currents are tabulated in terms of percentages.  Relative 
contributions of the viscous and inertia forces to the total resisting force as well as 
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relative contributions of the bottom shear, vegetation friction drag, and vegetation 
pressure drag forces to the total viscous force are provided.  These values were estimated 
using the order of magnitude calculations for the associated forces at the instant of phase 
transition into the drag-dominated propagation phase.  The phase transition times and 
positions were determined based upon the dimensionless propagation plots (Fig. 5.3). 
These dimensionless graphs were constructed by scaling the front position of the gravity 
current with the inlet height ( f iX x h= ) and the experimental propagation time with 
either the jet [ ( )2 3 1/20iT t h M −= ] or inertia-buoyancy time scales [ ( )1/30iT t h B−= ] (see 
Chowdhury and Testik 2012).  Here 20 iM q h=  is the initial momentum flux at the 
source, 0 aB g q′=  is the initial buoyancy flux at the source, and ( )( )a c a ag gρ ρ ρ′ = −  is 
the reduced gravitational acceleration defined in terms of the ambient fluid density 
scaling.  The phase transition time was defined as the instant when the dimensionless 
propagation curve of an experimental current deviated from the expected jet or inertia-
buoyancy phase propagation trends (Fig. 5.3).  The viscous-buoyancy propagation phase 
was not observed in any of the experiments with vegetation as is discussed later in this 
article.  For the experimental conditions, once the gravity current head reached the 
vegetated part of the experimental flume, the vegetation drag force became the dominant 
resisting force.  The time interval required for a complete phase transition was correlated 
with the fluid-mud concentration.  For the higher fluid-mud concentrations, the duration 
of this transition period was shorter. 
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Figure 5.3. Dimensionless propagation curves for (a) Group #2 experiments, and (b) 
Group #3 experiments. The abscissa is the experimental time scaled by the inertia-
buoyancy time scale and the ordinate is the front position of the gravity current scaled by 
the inlet height. The dashed lines represent the inertia-buoyancy propagation curves and 
the solid lines represent the viscous-buoyancy propagation curves (see Chowdhury and 
Testik, 2012). 
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Table 5.1 indicates that the total viscous force (including both the bottom shear and 
vegetation drag forces) dominated over the inertia force for all of our experimental runs.  
Furthermore, the contribution of the bottom shear force to the total resisting force 
decreased with increasing values of the flow behavior index, n , and the cylinder 
Reynolds number, ReC .  Except for the Group #3 experiments, the contribution of the 
bottom shear force to the total viscous force was negligibly small (the contribution of the 
bottom shear force was not negligible for Group #3 experiments due to the small flow 
behavior index value; see Table 3.2).  For all of our experiments, the primary contributor 
of the total viscous force was the vegetation drag force.  Dominancy of the vegetation 
skin friction force and vegetation pressure drag force as part of the vegetation drag force 
altered for different experimental conditions.  While the vegetation skin friction force VCF  
is the primary contributor to the total viscous force for lower ReC  values (experiments # 
V4, V8, V10-V12 given in Table 5.1), the vegetation pressure drag force VDF  becomes 
the primary contributor to the total drag force as the ReC  values increase (experiments # 
V2, V3 and V7 given in Table 5.1).   
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Table 5.1. Calculated order of magnitude values for the resisting forces at the instant of 
transition into the drag-dominated phase for vegetation experiments.  Viscous forces and 
inertia forces are presented as the percentages of the total resisting forces.  Bottom shear, 
vegetation skin friction and vegetation pressure drag forces are presented as the 
percentages of the viscous forces.   
   Resisting Force 
Distribution 
Viscous Force 
Distribution 
Exp. #a Recb nc FVd FIe FBSf FVSg FVDh 
   % % % % % 
V2 10.8 – 42.0 0.42 63.8 36.2 0.5 27.7 71.7 
V3 6.5 – 33.3 0.43 68.0 32.0 0.6 32.0 67.4 
V4 4.9 – 21.3 0.40 88.2 11.8 0.0 60.5 39.5 
V6 6.5 – 12.1 0.29 71.6 28.4 5.3 44.2 50.5 
V7 8.9 – 19.0 0.30 75.0 25.0 2.1 38.2 59.7 
V8 2.0 – 9.8 0.29 85.6 14.4 3.4 57.2 39.4 
V10 1.8 – 3.6 0.21 82.5 17.5 36.7 48.9 14.4 
V11 1.5 – 4.7 0.23 82.4 17.6 8.0 62.8 29.1 
V12 1.2 – 3.8 0.21 91.0 9.0 11.6 70.9 17.4 
 
a Exp. #, Experiment number  b Rec, Cylinder Reynolds number 
 
c
 n, Flow behavior index 
 
d
 FV, Viscous Forces (bottom shear, vegetation pressure drag and skin friction) 
 
e
 FI, Inertia Force   f FBS, Bottom Shear Force 
 
g FVS, Vegetation Skin Friction Force 
 
h
 FVD, Vegetation Drag Force 
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To understand the relative importance of the vegetation skin friction force and the 
vegetation pressure force, a sensitivity analysis was conducted by varying the values of n 
and ReC , which are the governing parameters. For low ReC  values ( Re 5C < , see Fig. 
5.4), the ratio of the vegetation skin friction force to the vegetation pressure drag force is 
larger than 1 and decreases with increasing n .  In contrast, for high ReC ( Re 10C > , see 
Fig. 5.4) the value of this ratio is smaller than 1 and increases with increasing n .  As can 
be seen in Fig. 5.4, while for considerably small ReC  and n  values, the vegetation 
pressure force would be negligibly small compared to the vegetation skin friction force, it 
is the dominant contributor to the vegetation drag force for high ReC  and small n  values.  
Based upon the governance of the forces, four different drag-dominated propagation 
phases, each with distinct propagation characteristics, are possible.  These phases are 
governed by the (i) vegetation pressure drag force only, (ii) vegetation skin friction only, 
(iii) vegetation drag forces combined, and (iv) both vegetation drag and bottom shear 
forces.  In Group 1 and 2 experiments, generated gravity currents exhibited propagation 
phase (iii), in which both the vegetation pressure drag and the skin friction forces are the 
notable contributors to the total viscous force.  On the other hand, in Group 3 
experiments all of the viscous forces had notable contributions to the total viscous force 
value, indicating the presence of propagation phase (iv).  Here it is important to note that 
the calculations using the coefficients formulated for isolated cylinders may 
underestimate the values of the vegetation drag force components as the presence of 
neighboring vegetation may increase the vegetation drag coefficient for dense arrays 
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(Cheng 2013).  For more accurate calculation of the degree of force contributions, it is 
necessary to use the group drag coefficient for the vegetation array in terms of the 
vegetation density. 
The anatomy of gravity currents that propagate through vegetation exhibits 
several distinct features.  Figure 5.5 displays the anatomy of experimental gravity 
currents of Group #1 at front position 300 cmfx = .  The images presented in this figure 
were obtained by augmenting the synchronized images that were recorded by two side-
by-side cameras (see Chapter 3).  Such comparisons of the anatomy of gravity currents 
with (Fig. 5.5b-d) and without (Fig. 5.5a) vegetation as in Fig. 5.5 show that the presence 
of emerged aquatic vegetation alters the gravity current profile from typical constant-flux 
inertial profile of blunt current head with an almost rectangular current body to a well-
defined triangular/wedge current profile without a distinct current head and nose.  As the 
gravity current body within the vegetated area is defined with a triangular profile, the 
body thickness is observed to increase uniformly behind the vegetated region.  Due to the 
increasing thickness of current body in front of the source, the buoyancy flux at the 
source will change with time; thus the gravity current will no longer have a constant-flux.  
From this point on the discharge configuration of the gravity current will defined as 
continuous flux instead of constant-flux.   
Although it was not possible to measure the longitudinal velocity profile of these 
high-concentration fluid mud gravity currents, because the bed shear force is negligibly 
small compared to the vegetation drag force we expect the longitudinal velocity profile to 
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be almost uniform with a spike near the bed (Liu et al. 2008, Kim and Stoesser, 2011).  
This almost uniform velocity profile indicates a (near) zero shear stress and a hydrostatic 
pressure distribution within the gravity current, leading to the observed triangular current 
profile.  At a given instant, the longitudinal cross-sectional average velocity is nearly 
constant along the gravity current.   
The slope of the triangular gravity current profile (i.e. slope of the interface 
between the current and the ambient fluid) was calculated throughout an experiment for 
each of the experiments.  The slope angle β  was calculated as the inverse tangent of the 
ratio of the current thickness at the start of the vegetated area (at 0 x m′ = ) and the 
current length within the vegetated area ( fx′ ).  The experimental observations showed 
that the fluid mud layer thickness was approximately constant from the source (i.e. inlet 
opening) to the vegetated area (e.g. see Fig. 5.5).  Consequently, fluid mud layer 
thickness values measured at the source were used as the current thickness values at the 
start of the vegetated area in the slope angle calculations.  This was done to eliminate the 
potential current height measurement errors due to the turbidity formed when the current 
started to interact with the vegetation (see Figs. 5.5 and 5.6). 
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Figure 5.4. The ratio of vegetation skin friction force to the vegetation pressure drag 
force (FVS/FVD) as a function of the flow behavior index, n and the cylinder Reynolds 
number, ReC. a) 0.1 Re 10C≤ ≤  [the insert shows a zoomed portion of the graph for 
5VS VDF F < ], and b) 10 Re 400C≤ ≤ .  The cylinder Reynolds number range of the 
experiments conducted is 1.2 Re 42C≤ ≤ . 
a) 
b) 
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Figure 5.5. Comparison of fluid-mud gravity current profiles for Group #1 experiments 
at 300  cmfx = a) Exp #V1 (at 34t s= ), b) Exp #V2 (at 45t s= ), c) Exp #V3 (at 
65t s= ), and d) Exp #V4 (at 70t s= ).  Each image was obtained by augmenting two 
digitized images from synchronized recordings by two side-by-side cameras.   
 
Figure 5.6.  Fluid-mud gravity current profiles from Exp. #V4 at different experimental 
times, a) at 10t s= and 118fx cm= , b) at 30t s= and 208fx cm= , c) at 60t s= and 
281fx cm= ,and d) at 100t s= and 357fx cm= .  Each image was obtained by 
augmenting two digitized images from synchronized recordings by two side-by-side 
cameras. 
a) 
b) 
c) 
d) 
a) 
b) 
c) 
d) 
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In each experimental run with vegetation, the slope angle of the current profile converged 
to a constant value after an initial adjustment period/zone.  This adjustment zone/period 
was concluded as the wake regions behind the cylinders merged.  In Fig. 5.6, sequential 
images that show the typical progression of the current profile through the vegetated zone 
are given for experiment #V4.  The measured slope angle values as a function of the 
propagation time (from the beginning of an experiment) for selected experiments are 
shown in Fig. 5.7.  The slope angle – time dependency for all of the experiments with 
vegetation was similar.  As can be seen in Fig. 5.7, in each experiment the slope angle 
value converged to a constant value that is determined by the experimental conditions.  
Once the slope angle reached its terminal value, the gravity current profile preserved its 
shape for the remainder of the current propagation within the vegetated area (see Fig. 
5.6).  The experimental observations indicated that the slope angle value is a function of 
the flow behavior index n  of the fluid-mud suspension and the vegetation density α .  
Applying a semi-empirical fit to the experimental data as shown in Fig. 5.8, the 
relationship for the slope angle in terms of α  and n  given in Eq. 5.2 was developed 
with a coefficient of determination of 2R  = 0.81. 
 
1
133 nβ α −=   (5.2) 
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Figure 5.7. The interface slope angle as a function of the experimental time.  The solid 
lines represent the converged slope angle a) #V2 and 1.5β = ° , b) #V6 and 2.6β = ° , c) 
#V8 and 3.3β = ° , d) #V11 and 4.8β = ° .  
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The slope angle convergence times (t* – slope convergence time) and positions 
(x’* – slope convergence position from the beginning of the vegetated area) observed in 
the experiments are tabulated in Table 5.2.  To calculate the slope convergence 
positions/times, the average of the last 15 slope angle values for each experiment were 
calculated (see Fig. 5.7), and the positions/times at which the slope angle values fell 
within 15 % of the calculated terminal slope angle values were selected.   
Figure 5.8. The interface slope angle as a function of 
1
133 nα − .  The symbols represent 
the experimentally obtained slope angle values and the solid line represents Eq. 5.2 
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Table 5.2. Phase transition and interface slope angle convergence times (from the 
beginning of the experiment) and positions (from the beginning of the vegetated area).  
     
Exp. #a tPTb x’PTc t*d x’*e 
 (s) (cm) (s) (cm) 
V2 18 77 30 141 
V3 15 49 32 120 
V4 20 73 31 113 
V6 18 98 22 123 
V7 13 77 14  85 
V8 15 71 22 102 
V10 10 65 13  84 
V11 11 70 14  89 
V12 10 69 16.5 100 
 
a Exp. #, Experiment number 
b
 tPT, Phase transition time (from the beginning of experiment) 
 
c
 x’PT, Phase transition position (from the beginning of the vegetated area)  
 
d
 t*, Interface slope converge time (from the beginning of experiment) 
 
e
 x’*, Interface slope convergence position (from the beginning of the vegetated area) 
 
The presence of a terminal slope angle can be explained as follows.  As the 
gravity current propagates through the vegetated area, the overall vegetation drag force 
acting on the current increases.  Because (i) the number of vegetation that the gravity 
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current encounters increases and (ii) the gravity current thickens with time at a given 
location, hence, larger portions of the emergent vegetation comes in contact with the 
current.  The increase in the resisting forces is balanced by the fluid mud accumulation, 
which leads to the increase in the driving buoyancy force, upstream of the vegetated area.  
This observed behavior of the gravity current suggests that the current front controls the 
flow, which was also reported by Rottman et al. (1985) for gravity currents propagating 
through porous media.  The alteration of the gravity current profile into a triangular shape 
was observed for all of the vegetation density values modeled in this study.  Though it is 
not observed in our experiments, there may be a threshold vegetation density value under 
which the profile alteration is not notable. 
Our experiments revealed that the distance that the gravity current propagated 
within the vegetated area until the slope angle converges ( ' *x x′= ) is a function of the 
following dimensional parameters. 
 ( )* , , , , , , , ,S c ax f D l h m n g Uρ ρ′ =  (5.3) 
Here l  is half of the clear distance between two neighboring cylinders/vegetation in a 
row.  Using dimensional analysis, the dimensionless slope angle convergence distance (
*x D′ ) can be expressed in terms of the following dimensionless parameters. 
 
*
0
2 2, , , ,
c
n n
c
h g Dx l mf n
D D D D U Uρ −
 ′′
=  
 
 
 (5.4) 
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Using the experimental observations presented in Tables 3.2 and 5.2, the distance 
travelled by the gravity current within the vegetated area for the convergence of the 
interface slope angle is formulated in terms of the governing dimensionless parameters 
given in Eq. 5.5.   
 
11.511.5
0
2 2
* 0.01 143c
n n
c
h g Dx l m
D D D D U Uρ
−
−
  ′ ′    =   +               
 (5.5) 
The formulation given in Eq 5.5 can be further simplified to Eq 5.6 by rearranging the 
governing parameters (see Fig 5.9): 
 
1.5
1.5 2* 0.01 Re Fr 143C S
x l
D D
−
 ′  
= +  
   
 (5.6) 
Here ( )0.5FrS c SU g h′=  is the Froude number at the gravity current source.  Equation 5.6 
is represented as the solid line in Fig. 5.9 with a corresponding coefficient of 
determination, 2R value of 0.76.  It was expected that the proposed formulation in Eq. 5.6 
is applicable for flow conditions that would create wake regions behind the vegetation.  
For open channel non-Newtonian fluid flow through an array of cylinders, the regime 
boundary between creeping flow and the wake formations depend on the flow behavior 
index and the vegetation density.  Soares et al. (2005) reported that for vegetation 
density, 0.3α ≥ , the creeping flow limit will be Re 1C ≈  for non-Newtonian fluids with 
2.0n ≤  .  It should be noted that the longitudinal triangular profile is observed from the 
beginning of the drag-dominated phase of the gravity current for every experiment. This 
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observation further indicates that triangular profile shape is an eminent feature of the 
gravity currents in the drag-dominated phase.  However, after the phase transition the 
gravity current propagates an additional distance until the interface slope angle converges 
(see Table 5.2); and as it is given in Eq 5.6, this distance depends on the vegetation 
density, flow and fluid parameters.   
 
 Figure 5.9. The dimensionless slope angle convergence position as a function of 
Re Fr
c S l D .  The symbols represent the experimentally obtained slope angle values and 
the solid line represents Eq. 5.6 
 
In addition to the gravity current profile, the presence of vegetation introduced 
alterations to other anatomical features of the gravity current head and body.  The 
formation of Kelvin-Helmholtz (K-H) billows and turbidity cloud were observed during 
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the inertial propagation of the current.  Once the current propagation phase transitioned 
into the drag-dominated phase, these formations were no longer generated, and the 
thickness of the gravity current between the source and the vegetated area increased 
slowly and spatially uniformly.  The K-H billows were absent within the vegetated area 
for all of our experiments with vegetation.  Nevertheless, the gravity current propagated 
through the vegetated area with a presence of turbidity cloud for all vegetation densities.  
The turbidity cloud propagated with the same pace as the gravity current, and the 
interface between the turbidity cloud and the dense gravity current was not visually 
distinguishable at times.  It is also concluded that the density of the gravity current 
decreased due to the entrainment of ambient fluid during gravity current’s propagation 
through the vegetated area.  Although the K-H billows were absent, the lateral horseshoe 
vortices formed at the interface of the intruding gravity current and the ambient water 
caused the entrainment of water into the gravity current.  The horseshoe vortices were 
formed between the high velocity regions between the cylinders and the low/no velocity 
regions behind cylinders (Liu et al. 2008).  These vortices drag the fluid from the high 
velocity regions into the low velocity regions at the base of the cylinder.  Therefore, 
turbidity that is related to the entrainment rate was observed to increase with the increase 
in the vegetation density.  The formation of lobe and cleft instabilities as the gravity 
current propagated through the vegetated area was observed only for the lowest 
vegetation density experiments (experiments #V2, V6 and V10).  Once the gravity 
current left the vegetated area, the typical inertia-buoyancy gravity current head profile 
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re-formed within a time period that depended on the vegetation density.  The higher the 
vegetation density was, the longer the re-formation time for the current head was.    
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CHAPTER SIX 
GRAVITY CURRENT FLOW PROPAGATION THROUGH EMERGENT 
AQUATIC VEGETATION: MEAN DRAG COEFFICIENT ANALYSIS 
 
In this chapter the dynamics of the gravity current propagating through aquatic 
vegetation is examined theoretically and experimentally with the aim of proposing a 
model that estimates the propagation within the vegetated area.  The theoretical analysis 
is presented in Section 6.1. The results of the experiments are provided and discussed in 
Section 6.2. 
6.1 Theoretical Analysis 
In this section, the theoretical derivations of the drag coefficient DC  and cylinder 
Reynolds number ReCG  for stiff aquatic vegetation arrays are detailed for power-law 
continuous flux gravity currents (see Chapter 5). The theoretical analysis carried out here 
is applicable to Newtonian gravity currents with the appropriate selection of the flow 
behavior index ( )1n =  and the consistency index ( )m µ= .  
For the theoretical analysis, a two-dimensional non-Newtonian continuous flux 
gravity current, propagating through emergent aquatic vegetation under a Newtonian 
ambient fluid is considered (see Fig. 6.1 and 6.2).  The depth H , density aρ , and the 
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viscosity aµ  of the ambient fluid are constant. Emergent aquatic vegetation is modeled as 
stiff emergent circular cylinders placed in the flow field in arrays (Figures 6.3 and 3.2).   
 
Figure 6.1 A simplified schematic of a two-dimensional continuous flux gravity current 
propagating through emergent aquatic vegetation.  The gravity current has the thickness 
1h  behind the vegetated area, the unit discharge q  , the front position from the beginning 
of the vegetated area, fx′ , and from the source, fx .  In this figure, aρ  and aµ  are the 
ambient fluid density and viscosity, respectively; and cρ  , n  , and m  are the gravity 
current density, the Flow Behavior Index and the Consistency Index, respectively.  
Moreover, H  is the constant depth of the ambient fluid and CV  indicates the control 
volume which is highlighted with dashed lines. 
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The rheological properties of the non-Newtonian gravity current fluid are modeled 
using the Ostwald power-law rheology model given in Eq 4.1.  The Ostwald power-law 
model represents the behavior of Newtonian fluids for 1n = , shear thinning fluids for 
1n <
,
 and shear thickening fluids for 1n > .  Given the main motivation of this study, 
fluid-mud, which is a shear-thinning fluid, is selected as the gravity current fluid.  Fluid-
mud is a suspension of fine cohesive sediment.  Although fluid-mud gravity current is a 
particle-laden gravity current, in this study it is considered as a compositional gravity 
current for the short propagation durations in the experiments performed as the settling 
velocity of the fine sediment is very small (Chowdhury and Testik 2010).  The Ostwald 
power-law is providing a simple, yet accurate model for the rheological properties of 
non-Newtonian fluid mud within the concentration range of -1 -175gl 350glC≤ ≤ ; where 
the concentration C is defined as the mass of clay per unit volume of water (see Table 3,2 
and Section 3.3).  With the assumption of negligible entrainment of ambient fluid, the 
density, cρ , the Flow Behavior Index, n , and the Consistency Index, m of the fluid-mud 
is considered to be constant for the entire gravity current throughout the experiments. 
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Figure 6.2 The schematic of the velocity of gravity current for each control surface of the 
control volume.  In this figure, 1U , 2U , and fU indicate the velocity at Control Surface 
1, the velocity at Control Surface 2 and the front propagation velocity, respectively.    
Previously it was shown that the effect of bottom friction is almost negligible 
compared to the drag of vegetation for the conditions of this study (see Chapter 5).  Thus, 
the bottom friction forces were neglected in the drag coefficient formulation for stiff 
aquatic vegetation in this analysis.  Moreover, the interfacial shear forces between the 
ambient fluid and the intruding gravity current fluid is also negligible, and not considered 
in the derivation.  Since two-dimensional gravity currents were considered, the cylinder 
drag coefficient was derived for unit width of the channel using the flow rate per unit 
width for the gravity current.  Therefore the side wall effects are also neglected.   
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Figure 6.3 The circular cylinders used to model emergent stiff aquatic vegetation.  a) The 
alignment of the vegetation models. b) The areas for the inertial and drag forces per one 
vegetation model.  In this figure, D  is the diameter of the cylinder and l is the half of the 
clear distance between two cylinders. 
It was previously reported that the profile of gravity currents propagating through 
emergent vegetation has a distinct triangular shape (Tanino et al. 2005).  Moreover, the 
slope angle of the interface between the gravity current and the ambient fluid is observed 
to be constant after an initial adjustment period (see Chapter 5).  The drag coefficient 
formulation given in this theoretical analysis is derived for the gravity current 
propagation after the adjustment phase is complete.  Therefore, the flow variables used 
for the derivation are only a function of the time.  The conservation of mass equation for 
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a continuous flux two-dimensional gravity current with a negligible entrainment can be 
formulated as follows. The fixed control volume selected for the conservation of mass 
relationship at a given instant is shown in Fig. 6.1. 
 ( ) ( ) ( ) ( )1 1 2
cos
fx tq U t h t U t β
′
= =
  (6.1) 
Here, the subscripts 1 and 2 indicate the quantities at the control surfaces 1 and 2, 
respectively (see Fig 6.2).  The gravity current thickness at the Control Surface 1, ( )1h t , 
the current front position (with respect to the start of the vegetated area), ( )fx t′ , the 
depth-averaged velocities ( )1U t  and ( )2U t  are all functions of time.  In our analysis, the 
velocity component of the gravity current in the x direction was assumed to be constant 
along current (Fig 6.2).  This assumption, along with the observation of constant interface 
slope angle β , yields the following relationship for the velocities at the Control Surfaces 
1 and 2:  
 2 1 sin sinfU U Uβ β= =   (6.2) 
Here fU  is the front velocity.   
Applying the conservation of momentum principle for the gravity current within the 
vegetated area (see the control volume shown in Fig. 6.1) the following expression given 
in Eq. 6.3 was obtained.  
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2
2 2 21 1
1 1 1 2
1
sin
2 2 cos 2 cos
f f
c a D c P n c c
x xh hg g C U A v U h Uρ ρ β ρ ρ ρβ β
′ ′
− − = − +
  (6.3) 
Here PA is the projected area of a single circular cylinder that was used to model the 
emergent aquatic vegetation in the flow direction ( P CA Dh= ; here Ch  is the immersed 
height of the cylinder within the gravity current) and nv  is the number of cylinders per 
unit width of gravity current.  Since the angle of the slope of the Control Surface 2 is 
constant and the velocity is only a function of time, an average cylinder projected area in 
the flow direction is used for a given time for all cylinders within the control volume; 
1 2PA D h= .  The number of vegetation per unit width in terms of vegetation density α  
can be expressed as 
  
 ( ) ( )24n fv x Dα pi′=  (6.4) 
The vegetation drag force has two components: the pressure drag and the skin friction 
(Khan et al. 2006).  Both pressure drag and skin friction forces are expressed using 
quadratic law of drag and the vegetation drag coefficient, represented as DC  in Eq. 6.3, 
represents both of these force components.  Eqs. 6.2-6.4 yields the DC  formulation given 
in Eq. 6.5. 
 
( )21 1
2
1
1 sin
2 c
D
f
h g U
C
x
U
D
β
α
pi
′ + −
=
′
 (6.5) 
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The cylindrical Reynolds number for arrays of emergent vegetation can be 
defined and related to the drag coefficient as follows.  In previous studies on the power-
law fluid flow around the circular cylinder(s), the cylindrical Reynolds number is defined 
as ( )2Re n nC D U mρ −= .  However, this formulation does not take the group effect into 
account, and uses the same projected area for both inertial and viscous forces.  To 
consider the group effect, the representative cylinder areas for the inertial and viscous 
force calculations in this study were formulated as (2 )i cA h l D= +
 
and V P cA A h D= = , 
respectively (Fig 3).  Here l is the half of the clear distance between the two neighboring 
cylinders at the x′  location, and PA is the projected area.  Implementing iA and VA in 
inertial and viscous force calculations, the cylindrical Reynolds number is defined for 
vegetation in arrays in Eq. 6.6. 
 
( )21 2Re
n n
ci
CG
v
U l D lF
F m D
ρ
pi
− +
=∼   (6.6) 
The drag coefficient is expected to be a function of the cylindrical Reynolds number ReC
for Newtonian fluid flows (Lamb, 1945, Khan et al. 2005, Tanino and Nepf 2008b) and 
the flow behavior index, n
 
and ReC  for power-law fluid flows (Khan et al. 2006, Spelt et 
al. 2005).  Since in this study the group effect is taken into account, the drag coefficient is 
expected to be also a function of the vegetation density, α .  Consequently, the drag 
coefficient DC  can be expressed as a function of the following dimensionless variables. 
 ( ), , ReD CGC nφ α=  (6.7) 
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Based upon our experimental observations, the drag coefficient dependency on these 
dimensionless parameters is elaborated in Section 6.2. 
6.2 Results and Discussion 
In this section the experimental results along with the theoretical analysis 
presented in Section 6.1 are detailed.  A total of 12 experiments, which are grouped into 
three sets of experiments, were conducted. Experimental conditions are provided in Table 
3.2.  Each set of experiments includes an experiment without vegetation (referred to as 
the base experiment) and three experiments with different vegetation density values for 
the same experimental conditions.   
The observed experimental quantities used to calculate the drag coefficient DC  
and the cylindrical Reynolds number ReCG  values were the density, cρ , the unit 
discharge, q , the gravity current thickness upstream of the vegetated area, 1h , and the 
front position, fx , of the gravity current during the propagation.  For the experiments 
with vegetation, the gravity current propagation distance fx′   and time t′  within the 
vegetated area were considered.  The start of the vegetated portion of the flume (1 m 
from the source inlet) was set as the origin for these quantities ( 0 at 0  t x′ ′= = ; see Fig 
6.2).  The front velocity of the gravity current, which is assumed to be equal to the depth 
averaged velocity at the Control Surface 1 was calculated from the front position data 
using the first order central finite differencing method.   
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In extending the theoretical analysis using the experimental observations, only the 
experimental data that correspond to the vegetation drag-dominated propagation phase 
were used (see Chapter 5).  The transition time and position for the onset of the drag-
dominated phase from the preceding inertial or jet phases were determined based upon 
the dimensionless propagation curves (Chowdhury and Testik, 2012).  These 
dimensionless propagation curves were obtained by scaling the current front position 
with the inlet height ( f iX x h= ) and the experimental propagation time with either the 
jet [ ( )2 3 1/20iT t h M −= ] or inertia-buoyancy time scales [ ( )1/30iT t h B −= ].  Here 
2
0 iM q h=  is the momentum flux at the source, 0 aB g q′=  is the buoyancy flux at the 
source, and ( )( )a c a ag gρ ρ ρ′ = −  is the reduced gravitational acceleration defined in 
terms of the ambient fluid density scaling (see Fig 5.3).   
Using the measured/calculated experimental data, the drag coefficients and 
cylindrical Reynolds numbers for each experiment were calculated to examine the 
relationship between DC  and ReCG .  As can be seen in Fig. 6.4, DC values show a linear 
dependency with inverse proportionality on the ReCG  values.  Linear lines were fitted to 
the experimental ReD CGC − values to obtain the values of the empirical coefficient K  
that relates these two quantities.  The slopes of the best-fit lines (solid lines in Fig. 6.4) 
indicate the values of vK .  The coefficient of determination, 2R , values (given in Fig. 
6.4) for the best-fit lines were high in general, indicating a good fit and linear functional 
dependency between these two quantities.  Deviations of the experimental data from the 
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best-fit lines may be related to the neglected viscous forces and inertial forces in the 
theoretical analysis as well as experimental measurement errors.   
 
Figure 6.4 Vegetation drag coefficient versus cylindrical Reynolds number for all 
experiments (see Table 3.2 for experimental conditions). Symbols represent the 
experimental data and the solid lines represent the best linear fits to the data. 
Based upon the theoretical analysis, the drag coefficient was expected to be a 
function of the cylindrical Reynolds number ReCG , the flow behavior index, n  and the 
vegetation density, α  (see Eq. 6.7).  Consequently, the values of the empirical 
coefficient vK  were formulated in terms of n  and α . Figure 6.5 shows that vK  has a 
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strong dependency to these dimensionless parameters as expected.  Using the 
experimental data, a relationship for this dependency was formulated as given in Eq. 6.8, 
which is represented with a solid line in Fig 6.5.  The coefficient of determination, 2R
value for this fit was 0.96. 
 
2 1.753vK n α
−
=  (6.8) 
The resulting ReD CGC − relationship is given in Eq. 6.9.  
 
2
1.75
3
ReD CG
nC
α
=
 (6.9) 
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Figure 6.4 continued. 
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Figure 6.5 The empirical constant vK  dependency on 
2 1.753n α− .  Symbols represent the 
experimentally obtained vK  values (Figure 3.2) and solid line represents the prediction 
of Eq. 6.9 
Li and Shen (1973) reported that vegetation with a staggered pattern (vegetation 
stems in a row are placed in staggered position with respect to the positions in previous 
row) will generate more resistance than a linear pattern (vegetation stems in a row are 
placed in the same position as in the previous row, see Fig 3.2) since the flow will follow 
a more twisting path.  The drag coefficient formulation given in Eq. 6.9 is in agreement 
with Li and Shen’s finding.  The clear distance between the two neighboring cylinders at 
a given location along the current is smaller in a staggered pattern than in a linear pattern 
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for the same vegetation density.  This would result in a reduced ReCG  value (see Eq. 6.6), 
resulting in a larger DC  value (Eq. 6.9).  
Using the DC  formulation given in Eq. 6.9, a new propagation model to estimate 
the front position of a power-law gravity current that is propagating in the drag-
dominated propagation phase (through a vegetated area) is proposed.  A force balance 
between the dominant driving buoyancy forces and the resisting vegetation drag forces 
(neglecting the bottom shear forces) for the control volume shown in Fig. 6.1 leads to the 
relationship in Eq. (6.10).   
 
2
21
1
1
2 2c c D c P n
hg C U A vρ ρ′ =
 (6.10) 
The velocity at Control Surface 1 (which is equal to the front velocity) is expressed in 
terms of the gravity current propagation distance, x′  and time t′  as 1U x t′ ′= .  From the 
conservation of mass principle within the control volume, the gravity current thickness at 
Control Surface 1 can also be expressed in terms of the flow rate per unit width, q , the 
propagation distance, x′  and time t′  as 1h qt x′ ′= .  Using these relations, and Eq. 6.10, 
the propagation model is formulated as given in Eq. 6.11. 
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Figure 6.6 Comparison of the experimental and predicted current front positions as a 
function of time. The symbols represent the experimental observations of current front 
position and the solid lines represent the model predictions (Eq. 6.11).  
In Fig. 6.6 the propagation curves for the gravity currents from experiments with 
vegetation and estimations by Eq. 6.11 are presented.  In these figures the symbols 
represent the experimental data and the solid lines represent Eq. 6.11.  The data were 
corrected for the additional distance travelled by the gravity current during the jet or 
inertia-buoyancy propagation phases prior to the onset of the vegetation drag-dominated 
phase.  For a detailed explanation of the additional distance adjustment procedure, please 
refer to Chowdhury and Testik (2012).  The 2R values for the comparisons in Fig. 6.6 are 
provided in Table 6.1 for all of the experiments.  Please note that the propagation 
prediction for experiment #V4 is not given due to the missing unit discharge ( q ) 
measurement.  Likewise, the low coefficient of correlation for comparison between the 
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experimental data and the estimation of experiment V7 may be related with the erroneous 
reading of the discharge.   
It should be stated that the application of the propagation model has certain 
limitations.  In the theoretical derivation, the fluid-mud gravity current is considered as a 
compositional gravity current due to the low settling velocity of fine cohesive clay.  This 
assumption is observed to be valid for the short propagation durations of the conducted 
experiments.  However, for longer propagation durations, the suspended clay in the fluid-
mud mixture will settle.  The clay settlement will cause a stratified density in the gravity 
current fluid.  From this point on, the propagation dynamics will change and the model 
will not be able to provide an accurate estimation.   
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Table 6.1. Coefficient of determination ( 2R ) values for comparisons between 
experimental data and estimations by Eq. (6.11) for gravity currents which is supplied 
from a constant-head source and propagates through vegetation. 
  
Exp. # R2 
  
V2 0.76 
V3 0.89 
V6 0.96 
V7 0.58 
V8 0.90 
V10 0.97 
V11 0.85 
V12 0.75 
Note: Experimental conditions are given in Table 3.2.
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CHAPTER SEVEN 
CONCLUSIONS 
In this dissertation, the theoretical and experimental investigation of fluid-mud 
bottom gravity currents over smooth surfaces and through vegetation has been presented.  
The investigation was performed separately for each case to provide closed form 
equations that predict the friction (for viscous gravity currents propagate over smooth 
surfaces) and drag coefficients (for gravity currents propagate through vegetation) in 
terms of the Reynolds number and other disposal characteristics (e.g. fluid-mud 
concentration, vegetation concentration, ambient conditions).   
In the theoretical analysis in this study, power-law gravity currents are 
considered.  However, these results can be adapted to Newtonian gravity currents with 
the proper selection of power-law indices (i.e., 1n = and m µ= ).  For the gravity current 
propagating over smooth surfaces, the Fanning friction coefficient is defined for the 
viscous-buoyancy phase, and Fanning friction coefficient is formulated in terms of the 
gravity current Reynolds number and the empirical shape factor K .  The theoretical 
analysis was supported with data from high concentration fluid-mud gravity current 
experiments.  Using the experimental data, the shape factor K
 
was parameterized as a 
function of the flow behavior index ( )n  of the gravity current fluid, the ratio of the inlet 
opening height to the ambient fluid depth ( )ih H  and the inlet Froude number
( )0.53iF i cq h g ′= 
 
. 
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The Ref − relationship developed in this study provides a Fr condition in terms of 
Re  for the viscous propagation of two-dimensional constant-flux gravity currents.  Four 
different potential applications of this Ref − relationship ( Fr condition) are discussed in 
Chapter 4.  These applications are related to: viscous propagation modeling, bed erosion 
and sediment entrainment and siltation, gravity current profile modeling, and turbulent-
laminar transition of gravity currents.  Among these applications, the focus is on gravity 
current propagation modeling, which is the main motivation of this study.  A new viscous 
propagation model is proposed and the front position prediction capability of the new 
model is demonstrated with the experimental data.  The approach can also be extended 
for the propagation modeling of currents of different fluids propagating over rough 
bottoms. 
Two-dimensional continuous flux release gravity currents experiments through 
vegetation were conducted using the rectangular laboratory flume.  To model the stiff 
emergent aquatic vegetation, plastic rods are used, which are placed in half of the flume 
in arrays given in Figure 3.2.  The processed experimental data of the gravity currents 
were plotted on dimensionless propagation curves to determine the phase transition 
positions and times.  For gravity currents propagating through the emergent aquatic 
vegetation, the gravity current propagation distance and time within the vegetated area 
are considered.  These dimensionless propagation curves showed that the dynamics of the 
gravity current significantly depends on the non-Newtonian rheology of the fluid-mud 
and the vegetation density.   
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The effects of the emerged aquatic vegetation on the anatomy of continuous flux 
non-Newtonian fluid mud bottom gravity currents were investigated using the 
experimental data.  The experimental results revealed that the gravity currents 
propagating in the inertia-buoyancy phase transitioned into the drag-dominated 
propagation phase as they encountered a vegetated area.  In this drag-dominated phase, 
the vegetation drag forces dominated over the resisting forces and dictated the 
propagation dynamics.  During the drag-dominated propagation, the gravity currents 
exhibited distinct anatomical features.  The longitudinal profile of gravity currents altered 
from typical constant-flux inertial current profile into a distinct triangular profile.  In each 
experiment with vegetation, the slope angle of the interface between the gravity current 
and the ambient fluid converged to a constant value after a short propagation distance.  It 
was found that the terminal value of the slope angle is a function of the flow behavior 
index ( n ) of the gravity current fluid and the vegetation density (α ), and a 
parameterization for the terminal slope angle was proposed.  The distance that the gravity 
current propagated within the vegetated area until the slope is converged is formulated in 
terms of the cylinder Reynolds number (defined for an isolated cylinder), vegetation size, 
vegetation density, and gravity current Froude number.  The experimental observations 
showed that the K-H billows were absent during the drag-dominated propagation of the 
current.  However, it is shown that due to the presence of lateral horseshoe vortices, 
entrainment, which increases with increasing vegetation density, is observed.  This 
investigation on the anatomy of the gravity current through aquatic vegetation provided 
fundamental insights towards modeling of propagation given in Chapter 6.   
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In light of the findings given in Chapter 5, the propagation dynamics of continuous 
flux, non-Newtonian fluid-mud gravity current through emergent stiff aquatic vegetation 
is investigated in Chapter 6.  To define propagation dynamics, the forces acting on the 
gravity current due to the presence of the vegetation are formulated using the quadratic 
law of drag.  Group drag coefficient for emergent cylinders in arrays is defined to 
formulate both components of the drag force (i.e. the skin friction and the pressure drag 
forces).  Based on the data from a series of laboratory experiments, the group drag 
coefficient is formulated in terms of the vegetation density, α , the flow behavior index, 
n , and cylinder Reynolds number ReCG  (defined for cylinders in arrays).  To account for 
the group effect, the cylinder Reynolds number, ReCG  used in this formulation is defined 
as the ratio of inertia forces to viscous forces of a single cylinder in arrays.  The 
developed DC formulation is used to propose a mathematical model that estimates the 
propagation of continuous flux gravity currents through emergent vegetation.   
This doctoral study has both theoretical and experimental major contributions to 
the research.  A large set of data of constant-flux release gravity currents is provided.  To 
the best of the author’s knowledge, this is the first attempt to obtain experimental data of 
continuous flux release non-Newtonian gravity currents propagating through vegetation.  
The only other experimental study on the gravity current propagation through vegetation 
was conducted by Tanino et al. (2005).  However, there are fundamental differences 
between the experimental conditions of this investigation and the reference study. 
Moreover, the propagation data of reference study are not provided.  The analysis of the 
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experiments conducted with vegetation models provided both qualitative (e.g. the 
anatomy investigation) and quantitative (e.g. propagation model) insight on the topic.   
For gravity currents propagating in both the viscous-buoyancy phase (over 
smooth surfaces) and the drag-dominated phase (through emergent vegetation) the 
following theoretical contributions have been made. 
• The friction coefficient for bottom shear forces acting on viscous-
buoyancy phase gravity currents is formulated (Eq. 4.8 and Eq. 4.11). 
• A new mathematical model to predict the propagation of viscous gravity 
currents is proposed (Eq. 4.14). 
• The anatomy of the gravity currents propagating through emergent 
vegetation is studied and the current-ambient interface slope angle is 
shown to converge to a constant value (Eq. 5.2). 
• The converged interface slope angle is formulated for the continuous flux 
non-Newtonian gravity currents in terms of flow behavior index and the 
vegetation density (Eq. 5.2). 
• The distance the gravity current propagates within the vegetated area until 
the interface slope angle convergence is formulated. (Eq. 5.6). 
• A mathematical model to predict the propagation of drag-dominated 
gravity current through vegetation is proposed (Eq. 6.11). 
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